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SUMMARY 
 
The snapping turtle (Chelydra serpentina) is the second largest freshwater turtle in North 
America. The snapping turtle has an extensive geographic range where turtles naturally occupy 
lakes and rivers in 37 of the 50 US states, including all states east of the Rocky Mountains, 
extending from lower Florida and Texas northward into Canada, from southeastern Alberta to 
Nova Scotia. Snapping turtles are long-lived with an estimated maximum life span in the wild 
exceeding 50 years, with males growing larger than females, and maximum weights exceeding 
22.7 kg. Snapping turtles take up to 18 years to reach sexual maturity at high latitudes and, on 
average, lay a single clutch of 26 – 55 eggs annually, which experience egg to hatchling survival 
rates as low as 6%. Over the last decade and a half (2000-2015), commercial harvest of snapping 
turtles has increased dramatically in the US, raising concerns over the long-term viability of 
some populations. 
 In chapter 1, I examined international export, state regulations, and commercial harvest 
of snapping turtles at the state level within the natural range of this species in the US. Over three 
million live snapping turtles from farm and wild caught stock were exported from the US to Asia 
in 2012-14 alone. At the state level, I reviewed historic commercial harvest data from 11 states, 
each of which provided annual harvest data for between four and 16 years. Using these data, I 
used Bayesian inference to analyze the effect of minimum size limit regulations across a range of 
commercial harvest pressures. My model estimates that size-limits were effective at reducing 
harvest by 30-87% in years with high harvest pressure. However, most size limit regulations 
result in the removal of larger breeding adults, which has been shown to be detrimental to long 
term population viability. Regulatory approaches dedicated to the long-term management of this 
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iconic species will need to balance the short-term gains of size limits, in the form of reduced 
harvest rates, with long term population viability. 
 In chapter 2, I examined seasonal, body size, and sex-specific effects on home range size 
of snapping turtles (Chelydra serpentina) in a lotic system. Further, I tested site fidelity and 
assessed the sensitivity of two home range estimation methods to the number of locations 
collected. Over a three-year period, we used telemetry methods to track the locations of 23 
snapping turtles in Charles City County, Virginia, USA. I found that the majority of turtles 
(78%) in this system demonstrated site fidelity, a measure that reinforces ecological inferences 
based on location data. The average estimated home range for a snapping turtle in this system 
was 2.87 ha (± 3.02 SD) using minimum convex polygon estimation and 10.77 ha (± 12.38 SD) 
using kernel density estimation. I found kernel density estimation was less sensitive to the 
number of locations collected than were minimum convex polygons. Neither males nor females 
in this system demonstrated territoriality, based on the number of home range overlaps, which 
supports past findings. I found no difference in home range size between sexes, and that turtles in 
this system had larger home ranges in the summer than spring (nesting season) or fall (pre-
overwintering), results that are contrary to past studies. Findings from this study suggest that 
snapping turtles utilize lotic and lentic habitats differently, which can have implications for 
management of this iconic species. However, whether these differences are based purely on 
habitat or whether other factors, such as climate, contribute will require further study. 
 In chapter 3, I conducted a mark-recapture study over a four-year period (2012-2015) on 
three Virginia waterways that have each experienced a different level of historic commercial 
harvest. Using these data, I estimated growth rates, survival rates, migration estimates, capture 
probabilities, and population estimates for each of the three sites. I incorporated survival and 
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growth rates from this study, demographic rates from the literature, and state-collected harvest 
rates into a hybrid age/stage population matrix model to estimate the population growth rate at 
three harvest levels (0%, 21%, 58%) that were estimated based on annual commercial landing 
reports on file with the Virginia Department of Game and Inland Fisheries. I then used the model 
to test population viability under multiple size limit regulations, and used sensitivity analyses to 
identify adult stages most critical to the overall population growth rate. The model predicted that 
when compared to the no-harvest site, population densities at the moderate and high harvest site 
were reduced by 47% and 62%, respectively. The results from 33 combinations of size limit and 
harvest intensity suggest that in the management of snapping turtles, minimum size limit 
regulations are more effective than slot-limit regulations. Sensitivity analyses indicate that the 
size classes most critical to population growth differ among harvest levels and include size 
classes that are harvestable under current regulations. Model results indicate that, while an 
increase to the minimum-size limit in 2012 protected a larger portion of the population, that the 
commercial harvest of snapping turtles in the Commonwealth of Virginia is not sustainable 
under current state regulations. Model analyses suggest that, under current harvest levels, 
minimum-size limits of 35.6 cm curved carapace length or greater will maintain viable 
populations by protecting a larger portion of reproducing snapping turtles within a population. 
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Snapping turtles (Chelydra serpentina) are being harvested in unprecedented numbers in 
the United States (US) to meet the needs of international markets. Over three million live 
snapping turtles from farm and wild caught stock were exported from the US to Asia in 2012-14 
alone. In the Commonwealth of Virginia, records indicate that 29,860 snapping turtles were 
commercially harvested between 2000 and 2015. Size limits are often used to regulate harvest 
pressure in snapping turtles and other game species. I analyzed the historic harvest of eleven US 
states to test the efficacy of minimum-size limit regulations at reducing commercial harvest 
 
 
pressure. Further, I conducted a four-year mark-recapture study on three Virginia waterways that 
have each experienced a different level of historic commercial harvest. As part of the larger 
mark/recapture project, I conducted radio telemetry on 23 turtles to examine seasonal, body size, 
and sex-specific effects on home range size of snapping turtles in a lotic system. I incorporated 
survival and growth rates from this study, demographic rates from the literature, and state-
collected harvest rates into a hybrid age/stage population matrix model to estimate the population 
growth rate at three harvest levels (0%, 21%, 58%) that were estimated based on annual 
commercial landing reports on file with the Virginia Department of Game and Inland Fisheries. I 
used the model to test population viability under multiple size limit regulations, and used 
sensitivity analyses to identify adult stages most critical to the overall population growth rate.  
Based on model estimates, size-limits were effective at reducing harvest by 30-87% in 
years with high harvest pressure. However, most size limit regulations result in the removal of 
larger breeding adults, which has been shown to be detrimental to long term population viability. 
Based on radio-telemetry data, I found evidence that snapping turtles utilize lotic and lentic 
habitats differently, which can have implications for management of this iconic species. Matrix 
population modelling predicted that population densities at the moderate and high harvest site 
were reduced by 47% and 62%, respectively, when compared to the no harvest site. Model 
results indicate that, while an increase to the minimum-size limit in 2012 protected a larger 
portion of the population, that the commercial harvest of snapping turtles in the Commonwealth 
of Virginia is not sustainable under current state regulations. Our analysis suggests that 
minimum-size limits of 35.6 cm curved carapace length or greater will maintain viable 
populations by protecting a larger portion of reproducing snapping turtles within a population. 
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CHAPTER ONE ABSTRACT 
 
As Asian turtle populations have crashed, China has increasingly turned to international import 
to meet domestic demand, which has increased pressure on global turtle populations. Snapping 
turtles (Chelydra serpentina) are being harvested in unprecedented numbers in the United States 
(US) to meet the needs of this international market. Here we report US snapping turtle live 
export from 1999-2013, and for the first time test the effectiveness of size limits in reducing 
commercial harvest numbers. Over three million live snapping turtles from farm and wild caught 
stock were exported from the US to Asia in 2012-14 alone. Increases in the export of wild caught 
snapping turtles to over 200,000 individuals in 2012 and 2014, compared to under 50,000 in 
other years, may indicate that farms are becoming unable to keep up with increasing demand. 
Annual harvest pressure at the state level increased linearly from 1998 to 2013, mirroring trends 
in federal export over the same time period. Our model estimates that size-limits were effective 
at reducing harvest by 30-87% in years with high harvest pressure. However, the majority of size 
limit regulations result in the removal of larger breeding adults, which has been shown to be 
detrimental to long term population viability. Regulatory approaches dedicated to the long-term 
management of this iconic species will need to balance the short-term gains, in the form of 
reduced harvest rates, with long term population viability. 
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INTRODUCTION 
 
Many iconic and once-plentiful turtle species such as the Central American river turtle, 
Dermatemys mawii (Rainwater et al., 2012), the pig-nosed turtle, Carettochelys insculpta 
(Eisemberg, Rose, Yaru, & Georges, 2011), and the alligator snapping turtle, Macrochelys 
temminckii (Jensen & Birkhead, 2003; Riedle, Ligon, & Graves, 2008) have experienced steep 
population declines due to overharvesting and are now at historically low levels across much of 
their ranges. Turtles are commercially harvested for their meat, which feeds both local and 
international markets (Ceballos & Fitzgerald, 2004; Klemens & Thorbjarnarson, 1995; Mali et 
al., 2014). China is the world’s leading consumer of turtle meat, and Chinese consumption is 
considered a primary threat to the world’s turtle populations (Brown et al., 2011; Compton, 
2000; Mali et al., 2014; van Dijk, 2000). The collapse of Asian turtle populations over the last 
few decades, largely due to overharvesting, has resulted in a shift from domestic harvest of wild 
turtles to aquaculture and international import, thus increasing harvest pressures on turtle species 
around the world (Haitao et al., 2007; Haitao et al., 2008).  
Recent population collapses suggest that turtles may be particularly vulnerable to 
overharvest (Sung, Karraker, & Hau, 2013). Turtles are known to employ an iteroparous 
reproductive strategy, meaning an individual has multiple reproductive opportunities over its 
lifetime. Iteroparity offsets low survival rates for hatchling and/or juvenile age classes, coupled 
with late maturation, by taking advantage of an extended life span and high adult survivorship 
(Congdon, Dunham, & van Loben Sels, 1994; Ernst & Lovich, 2009; Lewison, Freeman, & 
Crowder, 2004). Sexual maturity and clutch frequency can vary with latitude within or among 
turtle species, with populations in higher latitudes maturing later, growing larger prior to 
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maturity, and producing clutches less frequently (Shine & Iverson, 1995; Tinkle, 1961). 
Iteroparous species with delayed reproduction can be highly sensitive to the effects of prolonged 
harvest as reproductive opportunities are limited by the removal of larger mature juveniles and 
breeding adults (Congdon et al., 1994).  
The snapping turtle, Chelydra serpentina, is a large-bodied North American species that 
has been targeted to supply international markets, the demand of which likely dwarfs that of 
domestic food and pet trades. The geographic range of the snapping turtle is extensive, covering 
37 of the 50 US states, including all states east of the Rocky Mountains, extending from lower 
Florida and Texas northward into Canada, from southeastern Alberta to Nova Scotia (Ernst & 
Lovich, 2009; Steyermark, Finkler, & Brooks, 2008). Snapping turtles are long-lived with an 
estimated maximum life span in the wild exceeding 50 years, with males growing larger than 
females, and maximum weights exceeding 22.7 kg (Berry & Shine, 1980; Congdon and Gibbons, 
1989; Galbraith & Brooks, 1989). Snapping turtles take as long as 18 years to reach sexual 
maturity at high latitudes and lay a single clutch of 26 – 55 eggs annually on average, which 
experience egg to hatchling survival rates as low as 6% (Steyermark et al., 2008). Snapping 
turtles continue to lay eggs throughout adulthood, which underscores the importance of older 
breeding individuals to population viability (Congdon et al., 1994).  
Increases in the US export of live snapping turtles over the last decade raise concerns for 
the viability of the species. Export records are maintained at the federal level, only account for 
live individuals, and do not differentiate between males and females. Females are generally 
exported live to support aquaculture, but the bulk of males harvested in the US are butchered, 
canned, and exported. Gravid females fetch the highest prices from turtle exporters as the 
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presence of eggs increases their value to farming operations (Millington Seafood, Spots Seafood, 
pers. comm.).  Exported turtles are classified as either wild caught or farmed. Although turtles 
from farming operations make up the bulk of exports annually, the distinction between wild 
caught and farmed turtles may be tenuous as we know of no documentation on how much farms 
supplement their stock with wild caught individuals, nor the rate at which the wild caught turtles 
are then exported as “farmed” individuals.  
In the majority of US states, turtles are considered non-game species, thus harvest 
management is the responsibility of state departments governing fisheries (Brown et al., 2011). 
While commercial snapping turtle harvest has been closed in many states amid concerns of 
overharvesting, it remains open in others. In each state open to commercial harvest, the harvester 
is required to report catch size (in weight, individuals or both) and it is these data that agencies 
use to assess harvest rates. One tool commonly used to curb harvest rates is size regulations, 
which are designed to protect a particular size class for the benefit of the population as a whole. 
Size limits generally require an individual be above a certain metric (minimum size limits) or 
between two metrics (slot limits). Size limits have been shown to be effective at increasing 
abundance in some species like the common whelk, Buccinum undatum (McIntyre, Lawler, & 
Masefield, 2015; Power & Power, 1996; Wilde, 1997), but ineffective in others including the red 
king crab, Paralithodes camtschaticus (Halliday & Pinhorn, 2002; Kruse et al., 2000; Nieland et 
al., 2007). Further, size limits can result in the targeting of one size/age class critical to the 
viability of a species, such as older reproductive adults. Limiting harvest to large fecund 
individuals, which would tend to skew population structure to smaller less-fecund individuals, 
has been shown to have negative effects on some turtle species, but has not been studied in 
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snapping turtles (Eisemberg et al., 2011; Sung, Karraker, & Hau, 2013). To our knowledge, the 
effectiveness of size limits at reducing harvest catch has never been tested in a turtle species. 
The goals of this study are to evaluate the efficacy of size limits in reducing the 
commercial harvest of snapping turtles while also identifying trends in both federal export and 
commercial harvest among states. We examine international export, state regulations, and 
commercial harvest of snapping turtles at the state level within the natural range of this species in 
the US. We use Bayesian inference to analyze the effect of minimum size limit regulations 
across a range of commercial harvest pressures. Finally, we assess the performance of our model 
and discuss the implications of our findings to the management of turtle harvest. 
METHODS 
Data 
To evaluate snapping turtle harvest and export in the US, we assembled two datasets: 
federal export data for live snapping turtles, and state-specific commercial harvest records. 
Neither of these data sets distinguish between males and females. Hereafter we use the term 
‘harvest’ to mean the collection of snapping turtles from wild populations, in contrast to 
collection of turtles in farm environments. Federal export data for live snapping turtles for the 
years 1999 (the year first available) to 2014 were accessed through the Law Enforcement 
Management Information System, which is maintained by the United States Fish & Wildlife 
Service. The federal data source is the only one that exists for tracking the export of live 
snapping turtles from the US and that provides information on how many of the snapping turtles 
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are sourced from wild populations. The state of origin of exported turtles is not available, 
therefore the federal export level is the highest resolution available. 
We contacted regulatory agencies in the 37 states that comprise the natural US range of 
the snapping turtle by phone or email between January 1, 2014 and August 15, 2014. From each 
agency we obtained information on whether commercial harvest of snapping turtles is open 
(legal) or closed (illegal) in the state. Further, we gathered information on what harvest 
regulations were in place for the states open to commercial harvest. Finally, we requested annual 
records of commercial snapping turtle harvest from each state if available. 
Eleven of the states provided data sets, which ranged from 3-16 years in duration (Table 1). All 
state protocols related to harvester confidentiality were followed. The states that provided 
harvest data were as follows: Arkansas, Delaware, Iowa, Maryland, Massachusetts, Michigan, 
Minnesota, New Jersey, North Carolina, Pennsylvania and Virginia. All data provided were 
compiled from commercial harvester landing reports. For this study, we only used report data 
that included harvest year and biomass and/or number of individuals harvested.  
Five of the 11 states that provided harvest data had minimum size limit regulations in 
place over the study period (Table 2). To standardize the harvest data to a single metric, we 
converted harvest data from two states (Massachusetts and Pennsylvania) from biomass 
harvested to number of individuals harvested by dividing total biomass by the mean weight of 
snapping turtles harvested. Mean weight was calculated from pooled harvest records from states 
that reported both biomass and individuals (Delaware, Maryland, and Virginia). 
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Bayesian Harvest Model 
Robust testing of management strategies often requires the analysis of data sets 
aggregated from multiple agencies. Coordinating information from multiple agencies presents 
challenges as aggregated data sets often contain missing values and can vary in effort, methods, 
and reporting (Harwood & Stokes, 2003; Recknagel, 2011; Regan et al., 2005). When project 
goals involve making informed conservation and management decisions, recognizing and 
dealing with the challenges of aggregated data becomes crucial (Akçakaya et al., 2000; Harwood 
& Stokes, 2003). We employed a Bayesian framework to test the effects of size limit regulations 
as it is well suited to datasets with high levels of uncertainty (Ellison, 2004). Through the use of 
prior probability distributions and posterior predictive tests, Bayesian inference allows one to 
measure probability not as relative frequency but as a level of credibility in the likelihood of an 
event given the available data (Ellison, 2004).  
While many studies aim to assess the sustainability of harvest or population recovery 
under certain conditions (Chaloupka & Balazs, 2007; Heppell & Crowder, 1996; Rogers et al., 
2010), the goal of this study was focused specifically on the effectiveness of size limit 
regulations at reducing turtle catch by commercial operations. We adopted a phenomenological 
approach that extends a linear harvest model to accommodate nonlinear effects and fit it in a 
Bayesian inference framework. Although specific minimum size limits range from 279 – 330 
mm (11 – 13 in) carapace length, the limited availability of commercial harvest data did not 
allow us to differentiate between effects among specific size limits. Instead, we treated all size 
limits as equal effects. 
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We began with a harvest model that assumes the number of individuals harvested (Hi,t) in state i 
at time t is a function of a state effect (Si), a year effect (Yt), and linear and nonlinear effects of 
size limit regulations (β and a, respectively), 
𝐻𝑖,𝑡 = 𝑆𝑖 ∗  𝛽
𝜌(𝑖,𝑡) ∗ 𝑌𝑡
(1+𝑎𝜌(𝑖,𝑡))
∗ exp (𝑒𝑖,𝑡).   (1) 
The regulatory policy of a state in a given year is indicated by ρi,t, which equals zero if there is 
no size limit regulation and one if there is a size limit regulation. The year effect can be viewed 
as a measure of harvest pressure at the national level in a given year, which could fluctuate for 
myriad reasons (Lagueux, Campbell, & Strindberg, 2014; Lan, et al., 2014). Unexplained 
variation in annual harvest pressures (e.g., as affected by state-specific temporal variation in 
turtle densities and harvester effort), process error, and observation error are incorporated into 
the uncertainty term ei,t. The parameter β represents the proportional reduction in harvest due to 
size limit regulations. The nonlinear effect of size limit regulations is manifested through a 
power function (a) of annual harvest pressure (Yt). When a < 0 the proportional reduction in 
harvest numbers is greatest in years of high harvest pressure, an effect that may benefit 
management when regulation is most needed. This nonlinear response to size limits may result 
from changes in harvester behavior. Specifically, size limits may discourage harvest effort by 
maintaining the number of harvestable turtles below profitable levels. In addition, if prices for 
turtles exceed a threshold that makes it profitable for a harvester to travel to a state without size 
limit regulations, it would result in concurrent decreases in harvest in regulated states and 
increases in unregulated states. Annual harvest pressures (Yt) were estimated independently 
because model permutations that included lag effects (i.e., Yt =f[Yt-1]) failed to converge. 
Including a lag effect is also not consistent with observed and reported harvester behavior as 
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harvesters will remove turtles from one location in a year and then move to a new unharvested 
area in the next year (J.D. Kleopfer, Rick Morin, pers. comm.).  
The model is linearized by transforming to a log scale, where h = log(H), s = log(S), and y = 
log(Y), such that 
ℎ𝑖,𝑡 = 𝑠𝑖 + log(𝛽) 𝜌𝑖 + (1 + 𝑎𝜌𝑖)𝑦𝑡 + 𝑒𝑖,𝑡.  (2) 
The temporal component (t) of ρ was removed to match the snapping turtle harvest data, i.e., a 
given state either had a size limit regulation, or it did not; there was no change in this condition 
in any of the states that provided data for the years analyzed. Estimating β in this model is 
problematic because we cannot separate this effect from si without reliable prior information for 
standardizing harvest within each state. Many factors likely determine the number of snapping 
turtles harvested in a state, including area of water habitat, snapping turtle density, public access 
to water bodies, and efforts of harvesters. Using available data, we attempted to standardize 
harvest by the area of water habitat in each state, but models using standardized harvest metrics 
fit the data poorly. Therefore, we focused on estimating the nonlinear effect of size limits (a), 
and combined state effects and linear effects of size limits into one parameter, such that 
𝑏𝑖 = 𝑠𝑖 + log (𝛽)𝜌𝑖      (3) 
We substituted bi into Equation (2) giving the process model, 
ℎ𝑖,𝑡 = 𝑏𝑖 + (1 + 𝑎𝜌𝑖)𝑦𝑡 +  𝑒𝑖,𝑡.   (4) 
Note that bi is independently estimated for each state; thus, standardizing the data by state a 
priori is unnecessary. Nonlinear effects of size limit regulations can be estimated separately from 
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state-specific effects because of its interaction with fluctuating harvest pressure (yt). Under the 
reasonable assumption that the linear effect of size limit regulations is either none or a reduction 
in harvest (β < 1) we deduce that Equation (4) presents a conservative estimate of the effect of 
size limits on the number of snapping turtles harvested.   
The full conditional probability model is given in Equation (5): 
[ℎ, 𝑏, 𝑦, 𝜎|𝑑]  ∝  [𝑑|ℎ, 𝜎][ℎ|𝑎, 𝑏, 𝑦][𝑎][𝑏][𝑦][𝜎], (5) 
where the probability of the model parameters given the empirical harvest data (d) is 
proportional to the probability of the empirical harvest data given the expected number of turtles 
harvested (h) and model parameters. In the prior distributions below, we report precision τ, 
which is the reciprocal of the uncertainty term squared, τ = 1/σ2. Observed harvest numbers (di,t) 
are sampled from the latent number harvested with precision τh, as shown in Equation (6). 
𝑑𝑖,𝑡 ~ 𝑛𝑜𝑟𝑚(ℎ𝑖,𝑡, 𝜏ℎ).   (6) 
The data do not afford separate estimates of process and observation error, so both were 
incorporated into the one uncertainty term. The precision term τh was sampled from a prior 
uniform distribution (Equation 7).  
𝜏ℎ ~ 𝑢𝑛𝑖𝑓(0,5)         (7) 
Latent harvest numbers were estimated using the process model (Equation 4). The parameters for 
state effect (bi), year effect (yt), and nonlinear size limit effect (a) were sampled from normal 
distributions. 
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𝑏𝑖 ~ 𝑛𝑜𝑟𝑚(7, 0.01) 
𝑦𝑡 ~ 𝑛𝑜𝑟𝑚(𝑥, 𝑙𝑡)   (8) 
                                𝑎 ~ 𝑛𝑜𝑟𝑚(0,0.01)                         
The prior distributions for state effects (bi) were sampled from vague priors with all 
means = 7, the approximate log average number of individuals harvested per state per year. Year 
effects (yt) were sampled from priors with means proportional to the estimated annual number of 
exported wild-caught live snapping turtles (as reported by the Law Enforcement Management 
Information System) rescaled and logged so the prior for the reference year 1998 is 0. As export 
data were first available in 1999, the prior of wild-caught individuals in 1998 was based on 1999 
data. The precisions (lt) for year effects (yt) were set to one for all years except 1998 where it was 
set to ten to function as a reference year. The first year was selected as the reference year 
because we are chiefly interested in how the effect of size limits changed as harvest increased 
over time. Size limit effect (a) was sampled from a vague prior normal distribution with mean of 
zero. Percent change (P) in harvest levels from 1998 to 2013 was estimated using equation (9) 
where H1998 is estimated harvest in 1998, and H2013 is estimated harvest in 2013. 
𝑃 =
𝐻2013−𝐻1998
𝐻1998
∗ 100  (9) 
Posterior parameter distributions were estimated through an iterative process using a 
Markov Chain Monte Carlo algorithm. Three parallel estimation chains were run with different 
sets of initial parameter values to test for convergence (Gamerman & Hedibert, 2006). Each 
algorithm was run for 50,000 iterations following a burn-in period of 10,000 iterations. 
Convergence was tested visually using trace plots, density plots, and more formally using 
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Gelman-Rubin diagnostics. Year effects for 1998-1999 and year effects for 2001-2002 were each 
combined to facilitate convergence in parameter estimates. Further, we tested for stationarity 
using the Heidelberg-Welch hypothesis test to ensure that the burn-in period and estimation 
period were sufficiently long. Model fit was determined using the Bayesian p-value (Gelman et 
al., 2004) and by plotting estimated harvest values against observed values. Statistical analyses 
were conducted in R (R Development Core Team 2012) and JAGS (Plummer 2003). was run 
through the R environment using the package ‘rjags’ (Plummer, 2014). 
RESULTS 
US Export  
The number of live snapping turtles exported from the US increased approximately 
linearly from 7,279 individuals in 1999 to 1,324,089 individuals in 2014 (Fig 1). The increase in 
exports was observed in both wild harvested and farmed turtles. The number of exported turtles 
from wild harvest fluctuated between ca. 18,000 and 68,000 individuals in most years, but export 
in 2012 and 2014 was up to an order of magnitude higher, at 249,609 and 207,383 harvested 
individuals, respectively. As export numbers increased, the percentage from wild harvest 
generally decreased, e.g., from 24% in 2002-2005 to 8% in 2006-2009, with the exception of the 
2012 and 2014 anomalies, which were 23% and 16% of total export, respectively.  
Commercial Harvest  
As of the 2015 commercial harvest season, 19 of the 37 states that make up the native 
range of the snapping turtle in the US were open to commercial harvest (Table 2). Massachusetts 
closed commercial harvest in 2015. Ten of the states open to commercial harvest have size limits 
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in place. Eight states have minimum size limits that range from 279 mm to 330 mm carapace 
length, Oklahoma has a maximum size limit of 406 mm carapace length and Wisconsin employs 
slot limits where turtles can be harvested between 305 mm and 406 mm carapace length. The 
remaining states open to harvest either have no regulation in place or alternate regulations such 
as restricted areas or bag limits, the latter of which is defined as the maximum number of turtles 
that can legally be harvested by one person over a given time period. Bag limits are in place in 
five states (Connecticut, Georgia, North Carolina, Pennsylvania, and South Carolina).  
For the sixteen years between 1998 and 2013, an estimated 348,529 snapping turtles were 
reported as commercially harvested among the 11 states that provided harvest data. The total 
annual harvest across reporting states was positively correlated with the number of wild caught 
live individuals exported (r = 0.67, df = 14, p<0.01). The average annual harvest (±SD) in states 
with and without size limit regulations had similar distributions, 1.83 (±1.82) and 2.57 (±3.10) 
individuals/km2 of inland water, respectively (Fig 2). Among the states without size limits, Iowa 
had the highest and Massachusetts the lowest estimated harvest with mean annual rates of 8.81 
(±2.15), and 0.34 (±0.27) individuals/km2, respectively. Among the states with size limits, 
Maryland had the highest and Michigan the lowest estimated harvest with mean annual rates of 
4.27 (±0.66), and 0.09 (±0.06) individuals/km2, respectively.  
Harvest Model Analysis 
The harvest model parameter estimates converged and provided a satisfactory fit to the 
data, as evidenced by four indicators. The Gelman-Rubin diagnostic indicated convergence in the 
Markov Chain Monte Carlo algorithm chains. The Heidelberg-Welch diagnostic test for 
stationarity and half-width mean passed for all parameters, indicating that the model distributions 
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are stationary and additional iterations were not necessary. The estimated harvest values plotted 
against the observed harvest values show a generally good model fit, but with potential bias at 
very low harvest levels (Fig 3). The Bayesian p-value was 0.50, indicating satisfactory model fit 
and permitting us to draw inferences regarding the effects of size limit regulations on snapping 
turtle harvest. Posterior estimates of parameters bi (state effect), yt (year effect), a (size limit 
effect), and σ (uncertainty) are presented in Fig 4. The estimates of state effect correlate with the 
empirical mean annual harvest in the corresponding states (r = 0.87). Year effects on harvest (y) 
had high uncertainty, but there is an increasing trend in harvest from 1998-2013 (slope = 
0.053/yr, adjusted r2 = 0.5698, p<0.001). Percent increase in harvest from 1998 to 2013 was an 
estimated 209%.  
Estimates of the size-limit parameter a in the three estimation chains converged at a mean 
of -0.62 (95% CI = -1.03, -0.18), indicating that size limits reduced snapping turtle harvest, 
particularly in years when harvest pressure (yt) is high. In the year of highest harvest pressure, 
2012, harvest numbers in regulated states were reduced by approximately 71% (95% CI = 30% - 
87%). Posterior means and standard deviations for all model parameters are given in Table 3.   
Discussion 
The sustainability of wild turtle harvest under increasing market pressures is in question 
based on the demonstrated susceptibility of turtle populations to harvest-induced collapse 
(Eisemberg et al., 2011; Fordham, Georges, & Brook, 2007; Congdon, Dunham, & van Loben 
Sels, 1994; Heppell, 1998). One such species is the snapping turtle, for which US harvest has 
increased 209% since 1998. The increase in harvest is congruent with changes in the wild-caught 
export rates over the same period, highlighting the potential link between domestic harvest and 
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the international market (Cheung & Dudgeon, 2006; Haitao et al., 2007). The recent anomalous 
spikes in export of wild caught snapping turtles in 2012 and 2014 may hint that farms’ abilities 
to provide the product are already taxed, although the increased harvester activity may be linked 
to other factors such as increased harvester effort in response to annual increases in the price of 
turtles.  
Size limit regulations have been implemented in a vast array of aquatic species (McIntyre 
et al., 2015; Pine III et al., 2008; van Poorten, Cox, & Cooper, 2013) and, with the exception of 
harvest closure, are the most widely used conservation tools for management of snapping turtle 
populations in the US (Table 2). Yet the effectiveness of size limits at reducing harvest of a turtle 
species has received little scientific examination prior to this study (Cain, 2010; Zimmer, 2013). 
Our results indicate that size limit regulations have been effective at reducing the total number of 
snapping turtles harvested in the US. Moreover, the reductive effects of size limits were 
enhanced in years with greater harvest pressure, as in 2012 where harvest was reduced by an 
estimated 71%, when the populations were in the most need of protecting.  
The federal export data likely underestimates the number of wild harvested snapping 
turtles in the US for two main reasons. First, an unknown biomass of snapping turtle meat is 
processed and canned domestically before export, none of which is required to be recorded by 
the United States Fish and Wildlife Service. Second, the distinction between wild and farm stock 
in export records may be tenuous because we know of no regulations prohibiting wild-caught 
turtles from being exported as farm stock after being transferred to farm ponds. Thus, it is not 
known whether snapping turtle farms are truly sustainable, or whether they rely on restocking 
with wild caught turtles. If the latter is the case, the harvest of wild populations could be greater 
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than export reports suggest, and aquaculture may not always reduce harvest pressure on wild 
turtles. Such is the case in frog farming in Asia, which is made economically viable by 
significant inputs of wild-caught individuals (Chan, Shoemaker, & Karraker, 2014). Restocking 
in this manner may provide a mechanism to launder wild-caught individuals with farm stock 
(Lyons & Natusch, 2011; Nijman & Shepherd, 2009).  Concerns related to both the recording of 
processed turtle products and the classification of farm stock will need to be addressed before we 
can accurately assess the extent of annual snapping turtle harvest.  
The harvest data set used in our analysis, while the most comprehensive to date on the 
subject, has limitations. The harvest data were collected from multiple agencies and the reporting 
was uncoordinated and fragmented. While taking a Bayesian approach can mitigate some of 
these issues by explicitly incorporating uncertainties, it cannot solve all problems and as such we 
were forced to make certain accommodations. First, data limitations prevented us from 
identifying the effects of specific size limits, e.g., 279 mm compared to 305 mm carapace length, 
however it has been shown that larger size limits generally protect a larger portion of the 
reproductive population from harvest (Cain, 2010). Further, we were unable to incorporate other 
harvest restrictions (i.e., bag limits, slot limits, restricted areas, shortened harvest seasons) into 
our final model because these alternative methods have not been implemented in enough states 
or over a long enough period for critical analysis.  
This study does not examine the potentially negative demographic consequences of size 
limit regulations on population viability. The majority of state regulations governing commercial 
snapping turtle harvest are minimum size limits, which selectively remove large individuals from 
a population. The removal of larger breeding individuals can shift population structures to 
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smaller, younger, less fecund individuals (Eisemberg et al., 2011; Sung et al., 2013; 
Thorbjarnarson et al., 2000; Tomillo et al., 2008; Zimmer-Shaffer et al., 2014). The restructuring 
of populations towards younger age classes has been shown in the endangered big head turtle 
(Platysternon megacephalum), which  is harvested for human consumption and traditional 
medicine (Sung et al., 2013). Given life histories of snapping turtles and most turtle species, i.e. 
low survivorship in early life stages, delayed maturation, and iteroparous reproductive strategy, 
protecting larger adults that have higher reproductive value is likely the more effective 
conservation strategy (Steyermark et al., 2008; Zimmer-Shaffer et al., 2014).  
Effective management of snapping turtles and other turtle species under commercial 
harvest pressure need to balance short-term gains, in the form of reduced harvest rates, with 
long-term population viability. Even at the maximum levels predicted by our model, reductions 
in the total number of snapping turtles harvested may fall short of the levels required to insure 
long-term viability of this species (Fordham, Georges, & Brook, 2008; Zimmer-Shaffer et al., 
2014). Additionally, the long term demographic consequences of minimum size limits likely 
reduce population viability. Closure of commercial harvest of snapping turtles is the most 
effective way to support population persistence, as has been done in 18 states. However, for 
states that do not close harvest, an alternative strategy may be to add a maximum size limit 
threshold to existing minimum size regulations, thus creating a slot-limit, to ensure that both 
large adult breeding individuals and juveniles are protected. In the face of increasing commercial 
harvest pressure, better understanding of turtle demography is needed to determine whether size 
limit regulations, be they minimum, maximum, or slot are a potentially effective component in 
the long term management of this iconic species.  
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Table 1. Snapping turtle commercial harvest data (in individuals) provided by 11 states from 
1998-2013. An ‘NA’ indicates that harvest was open but the data were not available. Michigan 
closed commercial harvest following 2006. State abbreviations: Arkansas (AR), Delaware (DE), 
Iowa (IA), Maryland (MD), Massachusetts (MA), Maryland (MD), Michigan (MI), New Jersey 
(NJ), North Carolina (NC), Pennsylvania (PA), Virginia (VA). 
 
 
 AR DE IA MD MA MI MN NJ NC PA VA 
1998 NA 1115 6022 NA NA 307 NA NA NA NA NA 
1999 NA 728 5470 NA NA 260 NA NA NA NA NA 
2000 NA 669 8168 NA NA 469 NA NA NA NA NA 
2001 NA 293 9872 NA NA 412 NA NA NA NA NA 
2002 NA 421 8611 NA NA 390 NA NA NA NA 648 
2003 NA 1433 9915 NA NA 360 NA NA NA NA 1399 
2004 5004 1196 9138 NA NA 95 1935 NA NA NA 1595 
2005 5322 581 8562 NA NA 1084 1679 NA NA NA 2015 
2006 3923 575 7830 NA NA 894 1939 NA NA NA 2057 
2007 7886 1337 12891 NA 894 -- 1444 NA NA 211 1722 
2008 3966 1374 12755 8695 112 -- 1089 NA NA 425 2120 
2009 4600 1110 10886 6772 83 -- 944 3154 NA 445 2598 
2010 2819 652 6529 7186 475 -- 823 4551 NA 288 5556 
2011 3005 1291 10259 8188 118 -- 813 5819 1346 565 3266 
2012 4786 772 12469 10543 931 -- 3255 5270 2962 757 4678 
2013 4480 721 12435 9591 372 -- NA NA 3783 677 6599 
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Table 2. Commercial harvest status and size regulations of snapping turtles in public waters by 
state. Size limit (mm) is either in straight-line carapace length (CL), or curved carapace length 
(CCL), where a flexible tape measure follows the curvature of the top shell. All regulations were 
verified and effective as of the 2015 harvest season. States that are closed to commercial harvest 
have no size limits as denoted by “--“. 
 
State Commercial Harvest Size Limit 
Alabama Closed  -- 
Arkansas† Open* None 
Connecticut Open* > 330 CL 
Delaware† Open  > 279 CL 
Florida Closed  -- 
Georgia Open* None 
Illinois Closed  -- 
Indiana Closed  -- 
Iowa† Open* None 
Kansas Closed  -- 
Kentucky Closed  -- 
Louisiana Open  None 
Maine Closed  -- 
Maryland† Open  > 279 CL 
Massachusetts† Closed --  
Michigan† Closed  -- 
Minnesota† Open  > 305 CL 
Mississippi Closed -- 
Missouri Open*  None 
Nebraska Closed  -- 
New Hampshire Closed  -- 
New Jersey† Open  None 
New York Closed -- 
North Carolina† Open* None 
North Dakota Closed  -- 
Ohio Open  > 330 CL 
Oklahoma Open*  < 406 CL 
Pennsylvania† Open* None 
Rhode Island Open  > 305 CL 
South Carolina Open* None 
South Dakota Closed  -- 
Tennessee Open*  > 305 CL 
Texas Closed  -- 
Vermont Closed  -- 
Virginia† Open  >279 CCL 
West Virginia Closed  -- 
Wisconsin Open >305  &  
< 406 CL 
* Additional regulations not related to size limit in place 
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† States providing data for use in the harvest model. Michigan had a size limit >305mm CL prior to closing 
commercial harvest in 2007. Massachusetts had no size limit prior to closing commercial harvest in 2015.  
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Table 3. Posterior mean and standard deviations for all parameters - state (b), year (y), size limit 
(a) on harvest, and uncertainty parameter (σ).  Within the year parameter (y) 1998 was combined 
with 1999 and 2001 was combined with 2002 to ensure proper convergence. State abbreviations 
Arkansas (AR), Delaware (DE), Iowa (IA), Maryland (MD), Massachusetts (MA), Maryland 
(MD), Michigan (MI), New Jersey (NJ), North Carolina (NC), Pennsylvania (PA), Virginia (VA) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Parameter Posterior mean Posterior SD 
   
   b[AR] 
   b[DE] 
   b[IA]  
   b[MD]  
   b[MA]  
   b[MI]  
   b[MN]  
   b[NJ]  
   b[NC]  
   b[PA]  
   b[VA]  
   a   
   σ 
   y[1998-1999]  
   y[2000]  
   y[2001-2002]  
   y[2003]  
   y[2004] 
   y[2005] 
   y[2006] 
   y[2007] 
   y[2008] 
   y[2009] 
   y[2010] 
   y[2011] 
   y[2012] 
   y[2013] 
  6.884 
  6.237 
  7.879 
  8.469 
  4.120 
  5.587 
  6.694 
  6.956 
  6.095 
  4.552 
  7.240 
  -0.621 
  0.07 
  0.408 
  1.114 
  0.866 
  1.233 
  1.339 
  1.56 
  1.36 
  1.773 
  1.309 
  1.222 
  1.333 
  1.325 
  2.007 
  1.825 
   
0.2983 
0.2975 
0.2603  
0.3871 
0.3226 
0.2821 
0.3572 
0.3701 
0.4040 
0.3219 
0.3371 
0.404 
0.0204  
0.2619 
0.4597 
0.4038 
0.4458 
0.3951 
0.3380 
0.3796 
0.3406 
0.3338 
0.3229 
0.3232 
0.3166 
0.3207 
0.3284 
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Fig 1. Total number of live snapping turtles exported from the US per year from 1999 through 
2014 (black bars). Number of live wild caught individuals exported, as part of total export, from 
the US per year from 1999 through 2014 (gray bars). Federal export data of live snapping turtles 
were obtained from the Law Enforcement Management Information System database via the 
United States Fish and Wildlife Service, Office of Law Enforcement.  
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Fig 2. Annual estimated mean number of individual snapping turtles commercially harvested per 
state (standardized by square kilometers of inland water). Black bars indicate states without size 
limit regulations; gray bars indicate states with size limit regulations. Error bars indicate one 
standard deviation from the mean. State abbreviations: North Carolina (NC), Pennsylvania (PA), 
Massachusetts (MA), Arkansas (AR), New Jersey (NJ), Iowa (IA), Michigan (MI), Minnesota 
(MN), Virginia (VA), Delaware (DE), and Maryland (MD). 
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Fig 3. Test for model fit by plotting predicted harvest values from each state in a given year against 
the observed harvest values with y-axis indicating the log transform of individuals harvested. Line 
indicates where predicted is equal to observed. 
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Fig 4. Mean effects of state (b), year (y), and size limit (a) on harvest, and uncertainty parameter 
(σ). State effects represent the log number of turtles harvested beginning in 1998 for each state. 
Year effect represents a relative measure of harvest pressure across years, with the first year 
being selected as the reference. Size limit effect (a) is the estimated nonlinear effect of a size 
limit regulation on harvest number as annual harvest pressure (y) changes. State abbreviations 
are Arkansas (AR), Delaware (DE), Iowa (IA), Maryland (MD), Massachusetts (MA), Maryland 
(MD), Michigan (MI), New Jersey (NJ), North Carolina (NC), Pennsylvania (PA), and Virginia 
(VA). 
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CHAPTER TWO ABSTRACT 
Understanding home range sizes and distributions can provide insight into the movement 
patterns, habitat usage, and resource requirements of a species. Home ranges can vary greatly 
depending on season, sex, and ecosystem. The goal of this study was to examine seasonal, body 
size, and sex-specific effects on home range size of snapping turtles (Chelydra serpentina) in a 
lotic system. Further, we tested site fidelity and assessed the sensitivity of two home range 
estimation methods to the number of locations collected. Over a three-year period, we used 
telemetry methods to track the locations of 23 snapping turtles in Charles City County, Virginia, 
USA. We used two methods of estimating home range: minimum convex polygons (MCP) and 
kernel density estimation (KDE). The majority of turtles (78%) in this system demonstrated site 
fidelity, a measure that reinforces ecological inferences based on location data. The average 
estimated home range for a snapping turtle in this system was 2.87 ha (± 3.02 SD) using MCP 
and 10.77 ha (± 12.38 SD) using KDE. We found no difference in home range size between 
sexes. Home range overlap suggests that neither male nor female turtles are territorial, which 
supports past findings. In contrast to past studies, turtles in this system had larger home ranges in 
the summer than spring (nesting season) or fall (pre-overwintering). Kernel density estimation 
was less sensitive to the number of locations collected than were minimum convex polygons. 
Findings from this study suggest that snapping turtles utilize this lotic habitat differently from 
lentic systems, which can have implications for management of this iconic species.  
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INTRODUCTION 
Animal movement patterns provide insight into the ecological and environmental 
requirements of a species (Bekoff and Mech 1984). The aggregate of movements by an 
individual is often summarized in the measurement of home range, commonly defined as the 
area over which an animal normally travels in search of food and mates (Burt 1943). Home range 
sizes and locations can be affected by individual characteristics such as sex or age, as each can 
differ in resource requirements. For example, adult male moose (Alces alces) have larger home 
ranges than their younger counterparts (Cederlund and Sand 1994). Population level 
characteristics can affect home ranges; for example, ranging behavior of primates is often a 
function of group size with larger groups potentially having larger ranges (Barton et al. 1992). 
Home range sizes and overlap among individuals can be reduced by territorial behavior, defined 
as within trophic level interactions that limit home range overlap, as was found in the Hawaiian 
honeycreepers (subfamily: Carduelinae) (Pratt et al. 2001). The magnitude and frequency of 
territorial interactions can be influenced by density or other population characteristics, but may 
also be shaped by environmental qualities such as resource availability or ecosystem structure 
(Newsome et al. 2013; Kittle et al. 2015; Maher and Lott 2000).  
The physical environment, and periodic changes in the resources it provides, can affect 
an individual’s home range in several ways. Home range location and size may shift temporally 
in response to seasonal shifts in resource availability or reproductive requirements (Bartlett et al. 
2015). Seasonality in defense of territory was shown to affect home range size in the lesser 
spotted woodpecker (Dendrocopos minor) (Wiktander et al. 2001). Spatiotemporal variation in 
resource abundance has been shown to be a key driver of changes in home range size in a 
number of species (Maher and Lott 2000). Landscape structure can alter energetic costs of 
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moving, which has been shown to influence home range size in a variety of turtle species 
(Slavenko et al. 2016). Home ranges within a species have been found to differ greatly across 
ecosystems. For example, lake populations of a wide array of temperate fish have home ranges 
that are up to 23 times larger than those of their river counterparts (Minns 1995). Understanding 
the spatial and temporal variation in a species’ home range can provide insight into the 
complement of habitats and life stages that are critical to the persistence of the species (Barlow et 
al. 2011; Urbano et al. 2010; Minns 1995).  
The snapping turtle (Chelydra serpentina), the second largest freshwater turtle in North 
America, has an extensive geographic range where turtles occupy lakes and rivers in 37 of the 50 
US states, including all states east of the Rocky Mountains, extending from lower Florida and 
Texas northward into Canada, from southeastern Alberta to Nova Scotia (Ernst and Lovich 2009; 
Steyermark et al. 2008). As with many turtles, snapping turtles are long-lived and late to mature. 
In the wild, snapping turtles can reach ages exceeding 40 years, with age at maturity for both 
sexes ranging from 6 to 18 years depending on climate (Galbraith 1986). There is no evidence of 
senescence in female snapping turtles, and they produce an average annual clutch of 27 eggs as 
adults (Steyermark et al. 2008). Over the last decade, commercial harvest of snapping turtles has 
increased dramatically in the US, raising concerns over the long term viability of some 
populations (Colteaux and Johnson 2017). 
The majority of what we know about the home range of snapping turtles is from 
populations in lakes and impoundments (Pettit et al. 1995; Obbard and Brooks 1981; Meeks and 
Ultsch 1990). In these systems, females tend to have larger home ranges than males, and neither 
sex appears to demonstrate territoriality (Ernst 1968; Galbraith et al. 1987; Pettit et al. 1995; 
Brown et al. 1994; Obbard and Brooks 1981; Paisley et al. 2009). In contrast to studies of other 
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turtle species (Slavenko et al. 2016), studies of snapping turtles have found no definitive 
relationship between body size and home range size (Kobayashi et al. 2006; Pettit et al. 1995; 
Obbard and Brooks 1981). While Brown and Brooks (1993) found that snapping turtle 
movement patterns were driven by reproductive needs, the effect of season on snapping turtle 
home range has been largely unexplored.  
Here we use two estimation methods to test for sex-specific and seasonal differences in 
home ranges for a riverine snapping turtle population, and evaluate the sensitivity of each 
method to number of location points. Further, we test for whether the turtles exhibit site fidelity, 
i.e., nonnomadic behavior, and address potential territoriality by examining home range overlaps. 
We examine the relationship between home range size and body mass of individual turtles. We 
examine the effect season has on home range size. We discuss our results in terms of the 
strengths and weaknesses of the two home range estimation methods. Turtles from this system 
utilized their habitat differently than turtles from previous studies conducted in lentic systems, 
and as such our findings may inform conservation efforts focused on the preservation of 
snapping turtles in open water systems. 
METHODS 
Study Site 
This study was conducted in Morris Creek (37o 17’59.95”N - 76o 53’57.20”W), an 8.1 
km tributary of the Chickahominy River in Charles City County, Virginia (Fig. 1). Morris Creek 
is part of the Chickahominy watershed, which in turn is part of the Chesapeake Bay watershed. 
Morris Creek is approximately 40 – 70 feet wide, and banked by marsh grasses and cypress that 
transitions into mixed hardwood forest. The creek is made up of a main channel with many 
branching smaller channels. The approximate middle channel length of this study site is 3.75 km 
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with a total estimated site area of 48.53 ha. The predominant plant species present are broad 
arrowhead (Sagittaria latifolia), water hyacinth (Eichhornia crassipes), and bladderwort 
(Utricularia ssp.). Morris Creek has been closed to commercial snapping turtle harvest since 
2012 by order of the Virginia Department of Game and Inland Fisheries. 
Data Collection 
Between July 2012 and October 2014, as part of a larger mark/recapture project, turtles 
were captured through the use of baited hoop nets and 23 snapping turtles were outfitted with 
radio transmitters (Holohil systems, model AI-2F) with individuals selected to represent both 
sexes and a broad range of sizes. Transmitters were bolted to marginal carapacial scutes, and 
each unit had an expected battery life of three years. To more evenly balance the sex ratio that 
was dominated by males in 2012, an additional two female turtles were tagged in 2013, and six 
female turtles in 2014, for 23 turtles in total (14 males, 9 females). Physical measurements were 
taken for each turtle including curved carapace length, straight line carapace and plastron 
length/width, shell height, and weight. Curved carapace length was measured along the curve of 
the shell using a flexible tape while all straight measurements were taken using hand calipers. 
Weight was measured by a suspending turtle in a weighing bag and attaching it to a hanging 
scale. Sex was determined using the methods of Mossiman and Bider, 1960 (Mosimann and 
Bider 1960). Females that were captured in the spring were palpated to detect the presence of 
eggs, and no females used in this study were found to be gravid at time of capture.  
Tracking was conducted periodically in 2012 (13 tracking days) & 2013 (three tracking 
days) for the turtles that had been tagged to that point, and more intensely (30 tracking days) in 
2014 (once all transmitters had been deployed) to establish overall and seasonal home ranges. 
Tracking was conducted as part of a larger project focused on the sustainability of snapping 
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turtles in Virginia waterways, and as such tracking was restricted to times when researchers were 
on this study site (one of three in the larger study). On days when tracking was executed it was 
done so for between 3 to 6 hours. Telemetry points were recorded only when the researchers and 
equipment determined a point location was accurate. Snapping turtles are primarily aquatic and 
spend much of their time swimming, buried under mud, or hiding under debris (DeGraff and 
Rudis 1983) and this can obscure signals according to the manufacturer (Holohil systems, pers. 
comm.). As such, while every attempt was made to locate each turtle daily, not every turtle was 
found with certainty on every tracking day. Telemetry points were taken for the following days 
in 2012: July (31), August (1, 2, 3, 18), September (12, 19, 20, 21, 26, 28, 29), October (5) 
Telemetry points were taken for the following days in 2013: February (27), May (15), September 
(9). Telemetry points were taken in the following seasons and days in 2014: spring (May 19-23 
& 26-30), summer (August 18-22 & 25-29), and autumn (September 29-October 3 & October 6-
10). Tracking was performed using a radio receiver (TRX-48S, Wildlife Materials) and a 3 
element directional antenna (Yagi, Wildlife Materials). All positions were logged using a 
handheld GPS unit (Juno 3B, Trimble Inc.). Differential corrections for all data points were 
performed using local correction stations with pathfinder office version 5.30, which is native to 
Trimble devices.  
Data Analysis 
For each animal, we assessed site fidelity (Spencer et al. 1990) and generated home range 
estimates using 2 estimators (minimum convex polygons and kernel density estimation) (Seaman 
and Powell 1989). Minimum convex polygon (MCP) estimates are created by connecting the 
minimum number of location points that will encompass all of the points taken and then 
measuring the area within the resulting polygon. MCP’s can be set to include all points or a 
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percentage based subset, with 95% being the most commonly used MCP contour (White and 
Garrott 1990).  MCP’s are easy to construct but are highly dependent on sample size as no 
weight is given to individual points, allowing outliers the same influence as core points (White 
and Garrott 1990). In contrast, kernel density estimation (KDE) incorporates utilization 
distributions (UD), the probability of an animal being at a location over a specific time period. 
Kernel density estimation is considered to be more robust to differences in sample size, but 
requires a priori setting a bandwidth unless an adaptive kernel is applied (Kernohan et al. 2001; 
Worton 1989). The estimated UD of each location is calculated using equation (1) with n 
representing the number of locations collected for a given individual. The bandwidth is 
represented by h, X contains the coordinate information, and x is the point from which the kernel 
estimate is calculated. Finally, K is the symmetric bivariate kernel function (Kernohan et al. 
2001). 
 
𝑈𝐷 =
1
𝑛ℎ2
∑ 𝐾 [
𝑥−𝑋𝑖
ℎ
]𝑛𝑖=1                (1) 
 
The bandwidth (h) is a critical component of KDE, which allows the user to select the 
width of individual kernels, which directly influences the amount of smoothing applied to the 
data (Kernohan et al. 2001). Using too small a bandwidth would break each location into its own 
kernel whereas using too large a bandwidth would create a single surface; hence, bandwidth 
choice can be critical when applying KDE’s (Row and Blouin-demers 2006). For this study, all 
kernel density estimates used a reference bandwidth and utilization distributions were projected 
on a raster with 5 m resolution. The reference bandwidth calculates the optimum smoothing 
parameter (h using equations (2) and (3) where n is the number of points collected and 𝜎 is the 
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mean standard deviation for the two dimensions (x(1) and x(2)), which represent the x and y 
coordinates (Worton 1989). 
ℎ = 𝜎𝑛−1 6⁄          (2) 
 
𝜎 = {
1
2
[𝜎2𝑥(1) + 𝜎
2
𝑥(2)]}
1
2          (3) 
 
We tested for site fidelity by calculating the mean of the squared distances (MSD) from 
each location in which the turtle was recorded to the center of activity, and comparing it to a null 
distribution of MSD values measured by randomly permuting the siting locations 500 times. Site 
fidelity is deemed to exist if the MSD estimated from the observed data is smaller than the lower 
0.05 percentile of the null distribution (Spencer et al. 1990). 
Annual (2012-2014) and seasonal (spring, summer and autumn for 2014) home ranges 
were estimated for each individual turtle using MCP and KDE. Correlations were run to examine 
the relationship between estimators. We tested for seasonal effects on home range estimates 
MCP and KDE using a linear mixed effects model. In the model, the natural log of home range 
(H) is the response variable, the number of location points for the turtle (n) and season (s) are 
predictor variables, and individual turtle (I) is a random effect. Home range was log transformed 
to satisfy the assumption of normality. Seasonal estimated home range means were compared 
post-hoc using Tukey contrasts.  
Range overlaps were quantified by calculating the percent area overlap of polygons at the 
95% isopleth to investigate potential territoriality between conspecifics in this system.  
Regressions were used to test for relationships between individual turtle weight and annual and 
seasonal home range estimates based on MCP and KDE. The sensitivity of both home range 
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estimators (MCP and KDE) to variations in the number of observations per animal were 
calculated by drawing repeated (n = 50) random samples of 20% to 90% (at 10% intervals) of the 
full data set without replacement. We standardized the home range size estimates for each 
individual by dividing those at each sample percentage by the home range size using all points. 
This procedure was followed for three contour levels for each estimator, 90%, 95%, and 100% 
for MCP and 90%, 95%, and 99% for KDE. The value 99% was used for KDE, instead of 100%, 
because a 100% contour using KDE has an infinite area. This allowed us to see the percentage of 
locations required before each home range estimate asymptotes for each estimator. All analyses 
were performed in R (R Development Core Team 2012) using packages rhr (Signer and 
Balkenhol 2015) and lme4 (Bates et al. 2014).  
RESULTS 
The average number of location data points (± SD) collected for each turtle between July 2012 
and October 2014 was 25.7 (± 3.4) (range: 20-33), with 591 total locations collected. The 
number of locations collected were similar across seasons, among spring 6.3 (± 0.9), summer 7.3 
(± 1.3), and autumn 6.5 (± 1.1). The estimated mean home range size across sexes was 2.6-6.2 
times larger for summer than for spring and autumn using both MCP and KDE at the 95% level 
(Table 1). As expected, overall home range sizes created with one estimator were strongly 
correlated to those created with the other, with a correlation coefficient of 0.97 (CI: 0.922-
0.986). All home range estimates are given in Table 2 and are visually presented in Fig. 1. We 
found no statistical difference in home range size between males and females for MCP (t = 
0.155, df = 16.085, p = 0.88) or KDE (t = 0.337, df = 19.157, p = 0.74).  
Turtle mass was positively correlated with estimated mean home range size across sexes 
and seasons using KDE (p = 0.042, r2 = 0.14), but not MCP (p = 0.1, r2 = 0.08) (Table 5, Fig. 2). 
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Among seasonal estimated home range sizes, the summer for MCP (p = 0.026, r2 = 0.18) and 
KDE (p = 0.018, r2 = 0.2), and autumn for KDE (p = 0.02, r2 = 0.2) were significantly related to 
turtle mass, explaining 17-20% of the variation in home range size. There was no relationship 
between turtle mass and home range size in spring for either MCP (p = 0.4, r2 = -0.01) or KDE 
(p = 0.46, r2 = -0.02), nor in autumn for MCP (p = 0.634, r2 = -0.04). We found effects of season 
on home range size (Table 3). For MCP, spring home ranges were smaller than those from 
summer (p = 0.03) and autumn (p = 0.05), but summer and autumn estimates were not different 
from each other. For KDE, home ranges in spring were found to be smaller than in summer (p = 
0.002).  
Site Fidelity 
For 78% of turtles (18 of 23) the mean squared distance (MSD) to the center of activity 
was smaller than the null distribution (p < 0.05). Of the five turtles that did not meet this 
threshold, four had MSD values that were only marginally larger than the critical boundary of the 
null distribution (Table 4). The lack of significance for turtle #174039 may be attributed to it 
having the smallest sample size for any turtle in this study. Because the analyses didn’t detect 
nomadic behavior, we may infer that location distributions represent home ranges of the 
individuals in this system. 
Home Range Overlap 
On average (± SD) each estimated home range overlapped with 3.13 (± 0.95) other home 
ranges using a 95% MCP, and 4.35 (± 1.43) using a 95% KDE (Figure 1). Male turtle home 
ranges overlapped with 1.71 (± 0.88) home ranges of other males using a 95% MCP, and 2.28 (± 
0.96) using a 95% KDE. Female turtle home ranges overlapped with 1.33 (± 1) home ranges of 
other females using a 95% MCP, and 1.89 (± 1.05) using a 95% KDE. There was no correlation 
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between the weight of a male turtle and the number of male turtles with which it overlapped for 
either MCP (p = 0.88, r2 = 0.04) or KDE (p = 0.1, r2 = 0.46). Conversely, while there was no 
correlation between the weight of a female turtle and the number of female turtles with which it 
overlapped using MCP (p = 0.09, r2 = 0.6) there was a significant positive correlation between 
the weight of a female turtle and the number of female home ranges overlapped when using KDE 
(p = 0.04, r2 = 0.68). 
Sensitivity of Home Range Estimators 
MCP was more sensitive than KDE to number of data points in home range estimates. 
For MCP, the range size asymptoted at the point where 80-90% of locations were required to 
obtain similar areal estimates as if all locations were used, while for KDE often 20-30% of the 
locations were sufficient (Fig. 3). Increasing the number of data points increased the estimated 
home range using MCP. However, a corresponding increase in points using KDE decreases 
confidence intervals in the resulting estimate but not the estimate itself. This result supports the 
idea of KDE as an unbiased estimator for this data set.  
DISCUSSION 
Here we provide the first assessment of home ranges for snapping turtles in a lotic 
environment. The number of turtles tracked and number of locations collected in this study (23 
and 591 respectively) are comparable to those studies previously conducted in lentic systems and 
our estimates of overall home range size of snapping turtles are similar to estimates from the 
majority of past studies (Table 6). Multiple studies have found that female snapping turtles have 
larger home ranges than males (Pettit et al. 1995; Brown et al. 1994; Galbraith and Brooks 1987; 
Obbard and Brooks 1981; Ernst 1968; Paisley et al. 2009). In contrast, the present study sampled 
more males (n = 14) than previous studies, which had sampled a maximum of 10 males, and 
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found no difference in home range between the sexes (Kobayashi et al. 2006). Thus, to our 
knowledge, this study represents the most replicated measure of male snapping turtle ranging 
behavior. 
The present study identifies seasonal shifts in home range size of snapping turtles, 
something that had been minimally examined in past studies. The estimated seasonal home 
ranges were largest in summer, followed by autumn, and smallest in spring regardless of 
estimator used or sex of the turtle (Table 1). Snapping turtles in Canada were similarly found to 
have movement peaks in early August, before declining in late August and into autumn (Pettit et 
al. 1995; Obbard and Brooks 1981). In the Canadian studies however, spring movement was 
higher than autumnal movement. As nesting occurs in the spring it would be logical to 
hypothesize that movement, at least for the females, would be higher in the spring than in 
autumn when preparations for overwintering begin, but that is counter to our findings.  
Drawing inference about habitat usage from point location data without establishing site 
fidelity can lead to spurious conclusions about species habitat usage and requirements, yet Laver 
and Kelly (2008) found that only eight out of 161 home range studies across a wide range of taxa 
tested for site fidelity. The majority of turtles in our study demonstrated site fidelity and the 
remaining turtles showed relationships that were marginally nonsignificant, which suggests that 
the failure to detect site fidelity may be due to the small sample of data points for those 
individuals (Table 4). 
In the present study, turtles with larger body sizes tended to have larger home ranges. 
However, whether the relationship was significant depended on season and estimation method 
(Fig. 2). These results are consistent with past studies (Pettit et al. 1995), which suggests that size 
as an indicator of ranging behavior in this species is inconsistent and may depend on additional 
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variables such as sex, season, or estimation method used. In this system larger turtles were more 
often found on the main stem of the waterway as opposed to smaller rivulets, which may have 
lessened topographical restrictions and increased range.  
Our examination of home range overlaps are consistent with findings of past studies that 
male snapping turtles do not appear to demonstrate territoriality (Pettit et al. 1995; Obbard and 
Brooks 1981; Galbraith et al. 1987) (Figure 1). Every male turtle in this study had at least 25% of 
their home range overlap with the home range of at least one other male turtle regardless of 
estimator used (see archived dataset). Further, females also did not appear to show territoriality 
within sex. Unlike male turtles, however, weight was correlated with the number of female to 
female overlaps when using KDE, with larger females having more overlaps than smaller 
females. Visual assessment of Figure 1 reveals multiple turtle clusters that include multiple 
males and females, suggesting that the turtle response to quality habitat overrides any territorial 
behavior. However, without directly observing turtle interactions it is difficult to definitively 
address territoriality in this system beyond identifying the areas of overlap between home ranges.  
Estimator choice is a critical component that has generated much debate when conducting 
home range studies (Laver and Kelly 2008; Row and Blouin-demers 2006; Nilsen et al. 2008; 
Boyle et al. 2009; Powell 2000). Here we present findings using the two most popular estimation 
methods in animal home range studies, minimum convex polygon (MCP) and kernel density 
estimation (KDE), to compare the strengths and weaknesses of each and to allow our findings to 
be compared to past and future studies. Minimum convex polygons are easy to conceptualize as 
they connect the outermost points collected with a convex polygon, but they fail to account for 
space usage by the animal (Powell 2000). Conversely, estimates created using KDE incorporate 
space usage, but are dependent on the user to select a host of parameter values, most notably the 
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smoothing parameter, that greatly influence the final home range estimates (Worton 1989; Row 
and Blouin-demers 2006). Choosing too small a bandwidth results in each location being its own 
kernel, while choosing too large a bandwidth creates a single surface (Kernohan et al. 2001; Row 
and Blouin-demers 2006). We incorporated a reference bandwidth, which calculates the 
optimum smoothing parameter for each analysis, into our framework to avoid problems 
associated with the selection of smoothing parameters (Worton 1989). 
Another drawback to MCP is that it can be more heavily dependent on number of points 
than is KDE (Worton 1987; Börger et al. 2006). In this population of snapping turtles, we also 
found that home range estimates using MCP were much more sensitive to the number of data 
points than were estimates using KDE. KDE based home range area estimates reached an 
asymptote using only a fraction of the collected points that MCP required (Fig. 3). However, 
when using smaller samples sizes, as is necessary when looking at short term trends such as 
seasonality, KDE tends to overestimate true home range size while MCP tends to underestimate 
it (Boyle et al. 2009). A comparison between the two estimation methods in one individual is 
presented in Fig. 4, where estimates using KDE exceed those using MCP. Comparison maps for 
the remaining turtles tracked in this study are shown in Appendix Fig. 1 – 22.   
While MCP and KDE are the most popular estimators used in the study of home ranges, 
other estimation methods have been applied to snapping turtle home ranges. In studying two 
snapping turtle populations in the upper Mississippi River, researchers used the poly-buff 
method in an effort to limit the amount of overland habitat included in a home range estimate 
(Paisley et al. 2009). The estimates created using the poly-buff method were far closer to 
published home range estimates for this species, presented in Table 6, than were their estimates 
created using MCP.  
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The goal of this study was to provide the first home range estimates for snapping turtles 
within a lotic system in their natural range. We found no difference in home range size between 
the sexes and no evidence of territoriality between nor among the sexes. Overall home range 
estimates presented here are consistent with those presented in past studies. For the first time in 
the United States portion of the species range, we provide snapping turtle home range estimates 
based on season, and found that turtles in this system had larger home ranges in the summer than 
in the autumn or spring. Turtles from this system utilized their habitat differently than turtles 
from previous studies conducted in lentic systems, and as such our findings may inform 
conservation efforts focused on the preservation of snapping turtles in open water systems. 
However, climate has been shown to be correlated with many aspects of the snapping turtle life 
cycle such as growth rate and clutch size (Steyermark et al. 2008). Further study is required to 
clarify whether the differences between our findings and those of previous studies are due to 
variation in habitat (lotic vs lentic) or latitudinal differences between study sites. 
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Table 1. Average home range estimates for turtles in this study: overall, by sex, and by season. 
Method indicates home range estimator used, minimum convex polygon (MCP), or kernel 
density estimation (KDE). Values shown are in hectares with standard deviations (SD), with 
number of estimated home ranges used (N) for each variable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sex Method N Annual SD Spring SD Summer SD Autumn SD 
All MCP 23 2.87 3.02 0.12 0.10 0.75 1.12 0.21 0.23 
All KDE 23 10.77 12.38 1.90 1.71 9.66 15.01 3.68 4.34 
Male MCP 14 2.95 2.98 0.14 0.10 0.80 1.28 0.23 0.25 
Male KDE 14 11.45 13.35 2.30 1.88 12.38 18.83 4.28 4.28 
Female MCP 9 2.75 3.25 0.08 0.09 0.66 0.88 0.17 0.20 
Female KDE 9 9.68 11.40 1.46 1.49 6.62 8.24 2.98 4.68 
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Table 2. Home range estimates for each turtle in this study. Turtle ID corresponds to transmitter number used. Home range estimates 
shown are for annual home range (inclusive of all years and seasons), spring, summer, autumn and for both estimators used, 95% 
minimum convex polygon (MCP) and 95% kernel density estimators (KDE), with sex of turtle given as either male (m) or female (f). 
All values shown are in hectares, with number of locations collected (N) given for each variable. 
 
 
 
           Annual                   Spring           Summer          Autumn 
Turtle ID Sex      Weight(kg)   N     MCP   KDE   N    MCP    KDE  N     MCP     KDE   N     MCP    KDE 
174021 m 6.27 26 1.7 5 6 0.21 2.48 7 0.5 4.12 6 0.16 1.47 
174022 m 17.27 33 4.85 27.28 7 0.22 1.52 8 2.64 39.71 7 0.18 14.4 
174023 m 10 22 0.9 5.66 5 0.01 0.36 5 0.04 1.59 6 0.05 0.65 
174024 m 13.36 23 10.28 43.52 5 0.14 3.78 8 4.43 41.12 4 0.08 7.68 
174025 m 9.82 22 7.38 32.83 4 0.11 5.75 6 1.34 52.73 5 0.61 7.2 
174026 m 13.05 23 0.97 3.38 6 0.04 0.78 5 0.03 0.71 5 0.05 2.04 
174027 m 6.32 26 2 6.29 6 0.16 2.3 5 0.06 1.58 7 0.27 5.06 
174028 m 11.68 29 5.87 15.66 6 0.14 4.42 9 1.22 10.69 6 0.8 10.6 
174029 m 7.64 28 2.23 5.54 6 0.36 5.4 7 0.04 0.60 7 0.51 3.58 
174031 f 7.55 33 0.24 0.58 9 0.06 0.4 8 0.01 0.11 9 0.05 0.44 
174032 f 3.64 31 0.54 1.4 7 0.03 0.37 8 0.06 0.43 8 0.04 1.14 
174033 m 4.64 23 1.33 3.28 6 0.04 0.58 5 0.03 2.18 6 0.31 3.18 
174034 m 7.18 29 0.86 2.39 7 0.17 1.77 8 0.19 1.08 5 0.3 0.35 
174035 f 5.91 24 1.25 5.21 7 0.09 1.81 6 0.32 7.72 6 0.09 1.08 
174036 m 7.64 29 0.43 1.03 7 0.03 0.35 8 0.1 1.10 7 0.007 0.05 
174037 m 9.18 23 1.33 4.3 7 0.27 2.42 7 0.58 5.83 6 0.23 2.18 
174038 m 15.18 24 1.25 4.17 8 0.02 0.29 7 0.08 1.62 5 0.04 1.07 
174039 f 2.59 20 0.97 5.01 6 0.02 0.53 7 0.29 3.02 6 0.06 1.33 
174040 f 7.86 24 9.53 32.97 6 0.23 2.38 8 2.68 25.89 6 0.63 15.2 
174041 f 5.91 24 5.31 15.57 6 0.23 4.87 9 1.16 7.21 6 0.34 3.58 
174042 f 5.36 23 5.42 22.18 6 0.03 1.73 8 1.18 9.75 7 0.24 1.95 
174043 f 3.77 25 0.43 1.42 6 0.01 0.36 9 0.14 1.90 8 0.03 0.27 
174044 f 5.41 27 1.03 2.94 7 0.05 0.66 8 0.14 1.61 7 0.06 1.89 
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Table 3. Comparison between seasonal home range estimates using a mixed effects linear model 
with post-hoc Tukey evaluation. Estimator indicates which of the two estimators, minimum 
convex polygon (MCP) or kernel density estimation (KDE), was used in the calculation of 
estimated home range. ‘*’ indicates a significant difference in means between two seasons.  
 
Comparison Estimate Std. Error z-value p-value Estimator 
Spring –  Autumn -0.5821 0.2505 -2.324 0.0524* MCP 
Summer – Autumn 0.1064 0.2739 0.388 0.9201 MCP 
Summer – Spring 0.6885 0.2718 2.533 0.0304* MCP 
Spring –  Autumn -0.4154 0.2404 -1.728 0.1944 KDE 
Summer – Autumn 0.4896 0.2637 1.857 0.151 KDE 
Summer – Spring 0.9050 0.2616 3.460 0.0017* KDE 
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Table 4. Site fidelity was detected for most turtles in this study. N represents the number of 
points collected for each turtle. A turtle is deemed to show site fidelity if the mean squared 
difference (MSD) to the center of activity is smaller than the 95% confidence interval of the null 
distribution. MSD is measured in meters squared (m2).  
 
Turtle ID N MSD Null Distribution 95% CI Fidelity Shown 
174021 26 4917 14,551 – 119,446 YES 
174022 33 35,605 65,478 – 537,069 YES 
174023 22 6226 11,719 – 89,669 YES 
174024 23 44,459 61,444 – 460,467 YES 
174025 22 3397 66,219 – 533,344 YES 
174026 23 3148 5970 – 47,915 YES 
174027 26 5528 15,403 – 120,505 YES 
174028 29 15,594 25,378 – 206,082 YES 
174029 28 5353 5418 – 44,236 YES 
174031 33 571 1006 – 8188 YES 
174032 31 1446 1888 – 15,809 YES 
174033 23 3100 4822 – 39,427 YES 
174034 29 2265 3856 – 31,485 YES 
174035 24 5489 7198 – 56,793 YES 
174036 29 921 2124 – 17,924 YES 
174037 23 4267 5829 – 48,334 YES 
174038 24 4820 3862 – 29,363 NO 
174039 20 6094 2346 – 18,846 NO 
174040 24 36,720 26,849 – 212,036 NO 
174041 24 14,494 9751 – 80,170 NO 
174042 23 24,018 21,968 – 161,242 NO 
174043 25 1439 1444 – 11,585 YES 
174044 27 3063 3646 – 30,621 YES 
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Table 5. Results from linear regressions examining the relationship between weight (kg) and 
home range within and across seasons using two estimators, kernel density estimation (KDE) and 
minimum convex polygons (MCP). N=23, df = 21, for all models shown. 
 
Model Adjusted R2 F Statistic Slope (ha/kg) Correlation P-value 
All seasons (KDE) 0.143 4.682 1.386 0.43 0.042 
All seasons (MCP) 0.082 2.963 0.278 0.35 0.100 
Spring (KDE) -0.019 0.571 0.075 0.16 0.458 
Spring (MCP) -0.011 0.749 0.005 0.19 0.400 
Summer (KDE) 0.201 6.527 1.987 0.49 0.018 
Summer (MCP) 0.176 5.708 0.136 0.46 0.026 
Autumn (KDE) 0.196 6.378 0.554 0.48 0.020 
Autumn (MCP) -0.036 0.233 0.006 0.1 0.634 
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Table 6. Studies that assess home ranges of snapping turtles. Parameters of each study are shown including overall home range (HR) 
(regardless of sex). Sample size is broken up by sex, where male is indicated by m and female by f. A “--“ indicates no data given and 
* indicates study was conducted in a lotic system. Estimated means and standard deviations, if provided, for each home range are 
given in hectares. # Locations represents the number of telemetry points taken in either range (# - #), or mean (with ± SD), depending 
on what was reported. Estimation methods listed are minimum convex polygon (MCP), kernel density estimation (KDE), and poly-
buff (PB). 
Authors Location Mean HR Male HR Female HR Sample Size # Locations Method 
Current Study* Morris Creek, Virginia, USA 2.87 (±3.02) 2.95 (±3.25) 2.75 (±3.25) 23 (14m,9f) 25.7 (±3.4) MCP 
Current Study* Morris Creek, Virginia, USA 10.77 (±12.38) 11.45 (±13.35) 9.68 (±11.45) 23 (14m, 9f) 25.7 (±3.4) KDE 
Paisley et al. 2009 Goose Island, Wisconsin, USA -- 38.23 43.36 21 (2m, 19f) 37 (±--) MCP 
Paisley et al. 2009 Lawrence Lake, Minnesota, USA -- 10.33 28.59 62 (5m, 57f) 37 (±--) MCP 
Paisley et al. 2009 Goose Island, Wisconsin, USA -- 14.18 12.67 21 (2m, 19f) 37 (±--) PB 
Paisley et al. 2009 Lawrence Lake, Minnesota, USA -- 7.33 10.85 62 (5m, 57f) 37 (±--) PB 
Kobayashi et al. 2006* Inbanuma Basin, Chiba, Japan -- 2.75 (±3.27) 4.46 (±12.62) 28 (10m, 18f) 47 (±21.15) KDE 
Pettit et al. 1995 Cootes Paradise, Ontario, Canada -- 2.3 (±1.3) 8.5 (±7.8) 19 (4m, 15f) 23 - 57 MCP 
Brown et al. 1994 Algonquin Park, Ontario, Canada -- -- 8.64 (±2.92) 4 (4f) 13-17 MCP 
Brown et al. 1994 Cootes Paradise, Ontario, Canada -- -- 6.53 (±6.15) 6 (6f) 13-17 MCP 
Brown et al. 1994 Lynde Park, Ontario, Canada -- -- 5.13 (±1.86) 6 (6f) 13-17 MCP 
Galbraith et al. 1987 Broadwing Lake, Ontario, Canada -- 1.48 (±0.76) -- 4 (4m) 36.7 (±13.07) MCP 
Obbard & Brooks, 1981 Algonquin Park, Ontario, Canada 3.44 (±2.18) 3.21 (±2.67) 3.79 (±1.46) 10 (6m, 4f) -- MCP 
Ernst, 1968 Lancaster County, Pennsylvania, USA 1.84 -- -- 9 1.8 (±--) MCP 
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FIG. 1. Home range estimates for 23 turtles included in this study. Estimates shown are based off 
A) 95% minimum convex polygon estimator and B) 95% kernel density estimator. The extent 
shown covers approximately 48.5 hectares of Morris Creek, the entirety of which falls within 
Charles City County, Virginia. Coordinates shown are in latitude and longitude.  
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Fig. 2. Relationship between the size of a turtle, in kilograms, and home range size, in hectares. Relationships shown are for both 95% 
minimum convex polygon (MCP) and 95% kernel density estimators (KDE). Correlation significance is represented by the p-value 
shown in the upper right corner of each plot. Estimator used: MCP (plots A, C, D and E), KDE (plots B, F, G, and H). 
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Fig. 3. Summary of sensitivity analyses by estimator for all 23 turtles in this study.  Three 
contour levels for each estimator are shown. These analyses highlight the percent reduction in 
home range estimates as a function of the percentage of locations sampled and using each 
estimator method. Sensitivity analyses for individual turtles are shown in the archived data set 
for this study. Complete regression statistics are given in Table 5. 
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Fig. 4. Comparison of home range estimators using turtle #174021 (Male, 6.26 kg) as an 
example. Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and 
Kernel Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 0.44 ha 
(50%), and 1.7 ha (95%). KDE area estimates, by contour, are 1.23 ha (50%) and 5 ha (95%). 
Coordinates shown are in latitude and longitude. 
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CHAPTER THREE ABSTRACT 
 
Harvest regulations are commonly implemented to maintain viable population sizes of harvested 
species. To ensure regulations are effective, populations must be regularly monitored and 
regulations reassessed. In the Commonwealth of Virginia in the United States, records indicate 
that 29,860 snapping turtles (Chelydra serpentina) were commercially harvested between 2000 
and 2015. To assess the effects of prolonged harvest on snapping turtle populations we 
conducted a four-year mark-recapture study (2012-2015) in three Virginia waterways. Each 
waterway experienced different commercial harvest histories. Survival and growth rates from 
this study, demographic rates from the literature, and state collected harvest rates were 
incorporated into a hybrid age/stage population matrix model to estimate the population growth 
rate at three harvest levels. We used the model to test population viability under multiple size 
limit regulations, and used sensitivity analyses to identify adult stages most critical to the overall 
population growth rate. Snapping turtles under no harvest and harvest had estimated survival 
rates of 91% and 74%, respectively. An estimated 21% of legally harvestable turtles were taken 
annually at the moderate harvest site, and 58% were taken annually at the high harvest site. 
Compared to the no-harvest site, population densities at the moderate and high harvest site were 
reduced by 47% and 62%, respectively. Results from the population viability analysis indicate an 
estimated annual population increase of 3.9% under a no-harvest scenario. Under current 
Virginia minimum-size regulations (27.95 cm curved carapace length) the moderate and high 
harvest sites experienced estimated annual population declines of 1.3% and 4.7%, respectively, 
while the previous regulation of 22.87 cm would have resulted in estimated declines of 5.5% and 
14.4%, respectively. The results from 33 combinations of size limit and harvest intensity suggest 
that in the management of snapping turtles, minimum size limit regulations are more effective 
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than slot-limit regulations. Sensitivity analyses indicate that the adult size classes most critical to 
population growth differ among harvest levels and include size classes that are harvestable under 
current regulations. Our results suggest that current size limits in Virginia are not sufficient to 
avoid harvest-induced collapse. The analyses suggest that, under current harvest levels, size 
limits of 35.6 cm curved carapace length or greater will maintain viable populations by 
protecting a larger portion of reproducing snapping turtles. 
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INTRODUCTION 
 
Increases in human population can tax wildlife resources, where species are harvested as 
a source of food, clothing, and for cultural practices (Conover 2001). Market demand for rare 
biological materials, such as ivory, and for specialty meats has increased harvest pressure on a 
wide variety of species from African elephants (genus: Loxodonta) to sharks (Clarke et al. 2006, 
Wittemyer et al. 2014). Overharvesting of wildlife resources is currently the second leading 
driver for global biodiversity loss and localized species extinction (Vie et al. 2008, Wittemyer et 
al. 2014). Harvest restrictions are commonly implemented with the goal of maintaining viable 
population sizes. For harvest regulations to remain effective, populations must be monitored and 
the effectiveness of the regulations reassessed with some regularity (Geis et al. 1969). Population 
assessments can lead to the amendment of current regulations, or the inclusion of additional 
regulations, to further protect harvested populations. For example, nearly a century of monitoring 
lake sturgeon populations in Wisconsin has guided multiple changes over time to harvest 
regulations to compensate for periodic shifts in harvest intensity and targeted removal of females 
within the system (Bruch 1999). 
Turtle harvest has turned from a regional practice to a worldwide trade as once plentiful 
populations have been decimated by overharvesting (Klemens and Thorbjarnarson 1995, Mali et 
al. 2014). Nowhere is this more evident than in China where overharvesting of native turtles has 
forced the country to rely on international import to meet domestic demand for turtle meat 
(Compton 2000, van Dijk et al. 2000, Haitao et al. 2007, 2008, Sung et al. 2013). Increases in 
commercial harvest combined with the life histories of most turtle species, which are 
characterized by low nest and hatchling survivorship with delayed maturation, has resulted in 
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steep population declines for many species globally (van Dijk et al. 2000, Ernst and Lovich 
2009).  
In the United States (US) one species widely harvested to meet international demand is 
the snapping turtle (Chelydra serpentina). Between 1999 and 2014 a total of 8,171,029 live 
snapping turtles were exported from the US according to the US Fish and Wildlife Service, Law 
Enforcement Management Information System (LEMIS). LEMIS records do not include 
individuals that were butchered or canned prior to exportation. While the export data include 
both farm-raised and wild caught individuals, the full impact on wild populations is not known as 
turtle farms may supplement their populations with unreported wild stock. Supplementation of 
farm stock with wild caught individuals has been reported in Asian frog farms (Chan et al. 2014). 
Snapping turtles experience high adult survivorship and delayed maturation from 7 to 18 
years depending on climate (Steyermark et al. 2008). Eggs are laid in early to mid-spring with 
hatchlings emerging in late summer to early autumn. Larger turtles have shown the potential to 
produce larger clutch sizes (Finneran 1947, Bleakney 1957, Steyermark et al. 2008). Snapping 
turtles employ an iteroparous reproductive strategy wherein an individual has multiple 
reproductive opportunities over the course of its life (Congdon et al. 1994, Ernst and Lovich 
2009). Multiple breeding opportunities are likely important to population viability because of 
low survival rates for nests and hatchling turtles (Hammer 1969, Petokas and Alexander 1980, 
Congdon et al. 1987, 1994, 1999, Robinson and Bider 1988). These breeding opportunities can 
be reduced in populations under commercial harvest, as it is the mature adults that are usually 
targeted for removal by harvest regulations (Zimmer-Shaffer et al. 2014, Colteaux and Johnson 
2017).  
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The Commonwealth of Virginia, USA experienced a twelve-fold increase in the number 
of snapping turtles commercially harvested from its waters with 29,860 individuals, or 345,476 
kg, between 2000 and 2015 (annual landing reports, Virginia Department of Game and Inland 
Fisheries [VDGIF]). Over 90% of this harvest occurred in open water systems. In response to 
increases in commercial harvest, in 2012 the VGDIF raised the size limit from a curve of the 
carapace length of 9 inches (22.86 cm) to 11 inches (27.95 cm) (Department of Collection 
Permits, VDGIF). While increasing the minimum size limit protects a larger portion of the 
population, no research had been conducted to support the merit of size limits as management 
tools for maintaining a sustainable harvest of snapping turtles.  
We conducted a four-year mark-recapture study on three waterways in Virginia to assess 
the viability of snapping turtle populations under current levels of commercial harvest. We 
incorporated demographic estimates from the mark-recapture study and from the snapping turtle 
literature to create a population matrix model to examine the effectiveness of harvest regulations 
at maintaining viable snapping turtle populations. Further, we identify the stage(s) most critical 
to population persistence at each site to better inform conservation efforts. To our knowledge, 
this is the first study to evaluate commercial turtle harvest regulations, and their potential to 
either increase or decrease population viability, using harvester supplied landing reports and 
field-collected data.  
METHODS 
Mark-Recapture 
We conducted a mark-recapture study of snapping turtle (Chelydra serpentina) 
populations in three tributaries of Eastern Virginia (US) rivers: Morris Creek, a tributary of the 
Chickahominy River, the Walkerton area of the Mattaponi River, and Totuskey Creek, a 
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tributary of the Rappahannock River. These three waterways were selected to represent a range 
of historic turtle harvest intensities gleaned from Commonwealth of Virginia annual landing 
reports, which commercial snapping turtle harvesters are required to file. Morris Creek, 37o 
17’59.95”N - 76o 53’57.20”W, a site with no historic harvest and which was closed to harvest by 
VDGIF as part of this study, is approximately 12 – 21 meters wide and is banked by marsh 
grasses and cypress that transitions into mixed hardwood forest. The Walkerton area of the 
Mattaponi River, 37o 43’23.74”N - 77o 01’28.63”W, is characterized by patches of marsh 
vegetation, a small island, and is up to 304 meters in width. This site is considered to have a 
moderate level of historic commercial harvest relative to all Virginia rivers reported as 
commercially harvested from 2000 to 2011 (annual landing reports, VDGIF). Totuskey Creek, 
37°52'24.49"N - 76°44'52.85"W, is approximately 91 meters wide and is adjacent to grassy 
marsh with interspersed cypress and mixed hardwoods. This site is a high harvest site when 
compared to all commercially harvested rivers in Virginia (annual landing reports, VDGIF). The 
estimated sampling areas of each site are 48.53 ha (Morris Creek), 69.71 ha (Walkerton), and 
73.43 ha (Totuskey Creek). The predominant plant species present among the sites are broad 
arrowhead (Sagittaria latifolia), water hyacinth (Eichhornia crassipes), and bladderwort 
(Utricularia ssp.). 
Turtles were trapped from July to October in 2012, and from May to October in 2013, 
2014, and 2015. The project design consisted of two trapping sessions per year at each site. Each 
trapping session consisted of setting up traps on eight days, Monday-Thursday, over a two-week 
period; thus, each trapping cycle across all sites spanned 6 weeks. Sampling was conducted using 
20 hoop nets, Memphis Net and Twine Company, baited with punctured sardine cans to attract 
snapping turtles. Nets were three feet in diameter, six feet long, and had 2.54 cm mesh. Each site 
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had 48 potential trap locations that were selected based on a combination of biotic and abiotic 
factors that would predict the presence of snapping turtles (i.e., presence of plant cover, mud 
banks, and proximity to rivulets and main stem of the waterway). Each sampling day, 20 of the 
48 locations were selected using a random number generator. Between 9 a.m. and 3 p.m. traps 
were placed in the 20 selected locations for sampling. The next day, over the same time period, 
all turtles were removed from traps, weighed, sexed, and measured for curved carapace length 
(CCL) and carapace width (Mosimann and Bider 1960). Capture location, water temperature, 
and ambient temperature were also recorded. Each snapping turtle collected was fit with a unique 
numbered tag, National Band #7331, by drilling a small hole in a posterior marginal scute and 
attaching the tag with a stainless-steel bolt and screw. Turtles were then released back into the 
water at the capture location. Traps were then re-baited and placed in 20 randomly selected 
locations (except on Friday) for the next day’s sampling. When turtles were later recaptured they 
were re-weighed and re-measured, with their recapture location information logged.   
 
Data Analysis 
Mark-Recapture Analysis 
A capture history was established for each turtle and these histories were analyzed using 
Program MARK to estimate survival probability, capture and recapture probability, 
immigration/emigration, and population size for each site. Parameter estimates created within 
Program MARK are obtained using maximum likelihood estimation. Among the model 
configurations within Program MARK, we selected the robust design using the Huggins c & p 
data type, which assumes a population to be closed (no migration nor mortality) during a 
sampling period and open between sampling periods. We tested an array of candidate models 
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with various time, harvest, and researcher-specific dependencies. The top model was selected 
based on the Akaike information criterion weight (AICw) which is calculated relative to all 
models under consideration (White and Burnham 1999, Cooch and White 2013).   
Estimates of survival (s), emigration (γ’), and immigration (γ’’) were estimated for the 
period between sessions where the population is considered to be open. Estimates of capture (p) 
and re-capture (c) were for the within session period where the population is considered to be 
closed. The estimate of population size (N) was generated for each session using the capture 
histories of each individual site, with the mean population estimate (?̂?) being the average of the 
population size estimates for all sessions at each site. 
Given our knowledge of the harvest history at each of the sites, we limited the candidate 
model array to those that separated survival into two measures: those years and sites with harvest 
(sh) and those without harvest (sn). Within that framework we ran model permutations that tested 
for time dependence and differences in capture (p) and recapture probability (c), which assume 
the individual is in the study area at the time of sampling. We also tested for differences in 
temporary emigration (γ’) and immigration (γ’’) probabilities.  
Each day we sampled a subset of a given site by randomly selecting 20 trap locations out 
of a possible 48 (0.42). As such, we needed to adjust the mean population estimate (?̂?) to 
account for the portion of the population of each site that was not within the daily sampling area. 
The adjusted population estimate is calculated using equation (1) where the adjusted mean 
population estimate  (?̂?𝑎𝑑𝑗) is equal to the mean population estimate (?̂?) divided by one minus 
the mean temporary emigration estimate (ψ) from the top model selected within Program 
MARK.  
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?̂?𝑎𝑑𝑗 =  
?̂?
1−𝜓
   (1) 
We interpret the temporary emigration estimate to represent those individuals who are still 
within the area of our study site, but outside of our daily randomized sampling area, as none of 
the turtles we fitted with transmitters were ever tracked outside of the study site area (see 
Chapter 2). 
 
Parameter Estimation 
Harvest 
To calculate harvest levels, we took the average annual harvest (in individuals) over the 
four years for each site sampled. Number of turtles harvested in each waterway were taken 
directly from state landing reports filed by harvesters each year (Appendix Table 1). The mean 
annual harvest reported on each site was divided by the adjusted mean population estimate 
(equation 1), which was calculated from mark-recapture data in Program MARK, for the same 
period. This calculation is shown in equation (2) where P is the proportional harvest of a given 
site and is equal to the mean estimated harvest (?̂?) divided by the adjusted mean population 
estimate (?̂?𝑎𝑑𝑗) of that site (Appendix Table 1). 
  
𝑃 =  
?̂?
?̂?𝑎𝑑𝑗
   (2) 
 
Survival 
Survival rates for all immature stages were taken from the literature (Table 1). Nest 
survival rates ranged from 0.056 to 0.245 with a mean estimate of 0.18 ± 0.077 (SD) (Hammer 
1969, Congdon et al. 1987, 1994). Hatchling survival rate was estimated based on two separate 
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studies, which contained three total estimates (Congdon et al. 1994, 1999). Two of the estimates 
were from field collected data, while the third was based on computer simulation. The average 
hatchling survival probability among the three estimates was 0.24 ± 0.16. As nest survival and 
subsequent hatchling survival occurs within a one-year period, nest and hatchling survival rates 
were combined into one metric (Y) by multiplying the two (0.04). The juvenile survival rate (J) 
of 0.77 ± 0.06 was calculated by taking the arithmetic mean survival rate of all juvenile classes 
(n = 11) provided by Congdon et al. (1994). The adult survival estimate (S) is the mean survival 
estimated from six populations ranging from West Virginia, USA to Ontario, Canada, including 
this study (Galbraith and Brooks 1987, Congdon et al. 1994, Flaherty et al. 2008, Paisley et al. 
2009, Zimmer-Shaffer et al. 2014) (Table 1).  
 
Fecundity 
Annual fecundity rates for all adult stages were taken from the literature. We 
incorporated size class specific fecundity values (Table 1) because clutch size is positively 
correlated with female size (Finneran 1947, Bleakney 1957, Steyermark et al. 2008). The 
following equation (3), which is adapted from the fecundity equation found in Zimmer-Shaffer et 
al. (2014), was used to calculate fecundity for each of the nine adult size classes (F1 – F9) and the 
values for each parameter and their source(s) are given in Table 1. Fecundity is equal to the 
clutch size (C) of a given size class (i) multiplied by breeding frequency (B), adult survival (S), 
and sex ratio (R). 
 
𝐹𝑖  = 𝐶𝑖  ×  𝐵 ×  𝑆 ×  𝑅  (3) 
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Growth Rates 
We estimated size-specific growth rates by fitting data from the mark-recapture portion 
of our study for the adult stages using a non-linear model. Annual growth rates were calculated 
from 14 recaptured adult turtles (Table 2). In reviewing growth data, both from the literature and 
from data collected in this study, we found that growth in mature turtles begins to slow and 
ultimately settles at a constant rate for the remainder of the life (Galbraith et al. 1989). To 
accommodate this pattern, we fit the data representing the adult size classes (20.32 cm to 32.99 
cm) with an exponential decay curve that transitions into a constant growth rate above 32.99 cm. 
To calculate growth rate as a function of size we used equation (4) where G represents the 
growth rate in cm/yr, I is the initial size (cm) of a turtle in a given size class, 𝛼 is the y-intercept 
(hypothetical growth rate at turtle length = 0 cm), and b determines the rate of exponential 
decline. The growth rate was adjusted to Gadj = G + 0.1 because zero growth rates are undefined 
in the exponential equation. The equation was fit using the function nlsLM in the R package 
minpack (Elzhov et al. 2016).  
 
𝐺𝑎𝑑𝑗  ~ 𝛼 ∗ 𝑒
−𝑏∗𝐼  (4) 
 
To calculate the average duration a turtle spent in each size class we first integrated 
growth rate across the size interval of each size class. For size classes with exponentially 
declining growth rates, from 20.32 to 32.99 cm, we integrated between the upper and lower 
bounds of each adult size class (equation 5). For size classes above 32.99 cm, the growth rate 
was a constant 0.48 cm/yr. 
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𝜙 =  ∫ 𝛼 ∗ 𝑒−𝑏∗𝐼
𝑢𝑝𝑝𝑒𝑟
𝑙𝑜𝑤𝑒𝑟
   (5) 
 
The integral (𝜙) was then used to calculate the mean duration of time in years (d) spent by a 
turtle in each adult size class using equation (6), where duration is equal to size interval (2.54 
cm) divided by the integral 𝜙 (cm/yr) across a given size class. 
 
𝑑 =  
2.54
𝜙
  (6) 
 
Population Viability Analysis 
Population matrices were constructed to analyze the effect of commercial harvest on 
snapping turtle population viability. Transition values in the population matrices were estimated 
using the survival, growth, and fecundity estimates. The matrices were constructed using R 
statistical software (R Development Core Team 2012). Analyses were run using R and the 
package ‘primer’ (Stevens 2009). 
We created a hybrid age/size class matrix to characterize snapping turtle demography and 
to allow for the evaluation of various regulatory approaches in managing snapping turtle harvest. 
Immature stages, from the nest/hatchling stage (Y) through the 6 juvenile stages (J1 – J6) were 
modelled as age-based, with each representing one year. Virginia snapping turtles reach maturity 
after 7 years, which corresponds to a carapace length of approximately 20.32 cm, based on 
historic estimates (Mitchell 1994). After the seventh year, any surviving turtles move into the 
first adult size class (A1) (20.32 – 22.86 cm), and from there proceed to size classes A2 through 
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A9 conditional on growth and survival. Each adult size class has a parameter value that represents 
surviving and remaining in the current size class (P) and a value for surviving and moving to the 
next size class (G), with the sum of both equaling adult survival. Adult survival is defined as the 
survival rate of the adult size classes following commercial harvest and other mortality factors. 
Further, adult stages have a corresponding fecundity value (Fi), which represents the 
reproductive rate of a given size class. Each adult size class spans 2.54 cm (1 in) to allow for the 
evaluation of current, past, and potential harvest regulations. To accommodate all current 
regulatory approaches and to allow for the testing of alternative regulations, we created a matrix 
(M) that is 16 x 16 (equation 7).  
 



















































98
87
76
65
54
43
32
21
16
5
4
3
2
1
987654321
00000000000000
00000000000000
00000000000000
00000000000000
00000000000000
00000000000000
00000000000000
00000000000000
00000000000000
000000000000000
000000000000000
000000000000000
000000000000000
000000000000000
000000000000000
0000000
PG
PG
PG
PG
PG
PG
PG
PG
PJ
J
J
J
J
J
Y
FFFFFFFFF
M
  (7) 
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Adult Size Class Transitions 
Each adult turtle in year t has one of three fates in year t + 1: death, remain in same size 
class, or transition to the next size class. Adults in the largest size class (> 40.64 cm CCL) cannot 
transition to a larger size class, thus, either survive and remain in the same size class or perish. 
To calculate transition probabilities of adult turtles, we used equation 8 (Crouse et al. 1987). The 
probability of a turtle remaining in size class i (Pi) is a function of the product of the proportion 
of surviving individuals (pi) and the average duration an individual will spend in that time class 
(di). 
𝑃𝑖 =  (
1− 𝑝
𝑖
𝑑𝑖−1
1− 𝑝
𝑖
𝑑𝑖
) 𝑝𝑖  (8) 
 
Conversely, Gi is the proportion of individuals in size class i that transition to the next size class 
over a single time step. 
 
𝐺𝑖 =  (
𝑝
𝑖
𝑑𝑖  (1−𝑝𝑖)
1− 𝑝
𝑖
𝑑𝑖
)  (9) 
 
Population Matrix Modeling 
Harvest was incorporated into the model by reducing all P and G values within a 
harvestable size range by the percent harvested, i.e., in a population with h = 0.21 proportion of 
turtles harvested, the value of Pharvest = P*(1-h).  By varying the levels of harvest to match 
recorded historic harvest in the three study sites, and adjusting which adult size classes are open 
to commercial harvest, we estimated the population growth rate (λ) under many regulatory 
scenarios from the dominant eigenvector of the matrix. In total, we assessed the viability of turtle 
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populations under no harvest, and 16 unique harvest regulation scenarios under each of two 
harvest levels (21% and 58%) using the matrix as outlined above. Further, we increased the 
harvest level within our matrix from 1% to 100%, in increments of 1%, to identify the point 
where the resultant population growth rate switched from being in decline to stable/sustainable.  
Sensitivity Analysis 
We conducted sensitivity and elasticity analyses to identify which stages were most 
critical to maintaining population persistence for each of the three harvest levels. Sensitivity 
analyses were conducted according to the methods presented and executed within R using the 
package ‘primer’ (Stevens 2009). Sensitivities (s) were calculated using equation (9), where viwj 
is the product of each pairwise combination of elements from the dominant left (stage specific 
reproductive value) and right eigenvector (proportion of individuals in a given stage at stable 
stage distribution), represented by vi and wj respectively. The sum of the products for each vector 
is represented by v·w (Stevens 2009). 
 
𝑠𝑖𝑗 =  
𝑣𝑖𝑗𝑤𝑖𝑗
𝑣·𝑤
   (10) 
 
Elasticities are the sensitivities, as calculated above, weighted by transition probabilities. 
Elasticities (e) are used to examine how proportional changes in each transition probability (aij) 
affects the growth rate of the overall population (λ), equation (11) (Stevens 2009). 
 
𝑒𝑖𝑗 =  
𝑎𝑖𝑗
𝜆
𝛿𝜆
𝛿𝑎𝑖𝑗
   (11) 
Results from sensitivity analyses highlight how changes in vital rates, such as mortality due to 
harvest, affect the population growth rate. In short, sensitivity and elasticity analyses allow us to 
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see how sensitive the population growth rate is to perturbations in vital rates for a given adult 
size class when all other elements in the matrix are held steady. This allows identification of the 
adult size classes that contribute the most to the overall population growth rate at each harvest 
level (Caswell 2001).  
RESULTS 
Harvest 
The estimated mean harvest level for the Walkerton and Totuskey Creek sites were 21% 
and 58%, respectively, based on landing reports on file with the Virginia Department of Game 
and Inland Fisheries. According to state records, Walkerton was harvested in 2013 and 2014, 
while Totuskey Creek was harvested in all four years covered by this study (2012-2015). The 
average number of turtles annually harvested (±SD) from Walkerton and Totuskey Creek were 
44.75 (±49.08) and 94.5 (±23.2), respectively (Appendix Table 1).  
 
Mark-Recapture 
Over the duration of the study, 175 snapping turtles were captured, marked, measured, 
and released. Of these 175 turtles captured, 22 were recaptured once and 2 were recaptured 
twice. A total of 13.7% of turtles were recaptured at least once. Of the 175 unique turtles 
captured 54 were female and 121 were male. Of the 24 unique recaptures, 18 were male and six 
were female. The average weight per turtle, across sexes, was 7.4 ± 3.6 (SD) kg with an average 
curved carapace length (CCL) of 37.6 ± 16.8 cm. Seventy-six turtles were captured at Morris 
Creek, 55 at Walkerton, and 44 at Totuskey Creek. Figure 1 shows the adult size distribution of 
unique captures by site. The no-harvest site shows a more even distribution of turtles captured 
among the adult size classes than the two sites under harvest pressure. 
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Of the models analyzed within program MARK, the top three based on AIC weight 
(AICw) are shown in Table 4. We present only these three as they are the only models with AICw 
greater than 10%. In the top three models, the parameters for survival vary based on whether a 
site was harvested or unharvested in a given year. The parameter estimates based on the top 
model are shown in Table 5. Annual survival probability was dependent on whether a river was 
harvested (sh = 0.74) or unharvested (sn = 0.91). Capture and recapture probabilities were equal 
and constant over time at p = 0.009 per sampling day, and will be referred to as capture 
probability from here forward. The estimate of capture probability (0.009) results in a per session 
(8 trap days) capture probability of 7% (1-(0.991)8 = 0.07). Estimated temporary emigration was 
constant over time at γ = 0.44.  
The highest adjusted population estimate was at the no-harvest site, Morris Creek, with 
279.9 ± 182.74 (SD) adult turtles, followed by Walkerton, (21% harvest) at 211.11 ± 216.44 
adult turtles, and the lowest estimate was at Totuskey (58% harvest) at 162.28 ± 140.13 adult 
turtles (Table 6). Population estimates and number of captures/re-captures, by sampling period 
and site, are given in Appendix Table 2. The estimated densities (turtles/ha) were 5.77 at Morris 
Creek, 3.03 at Walkerton, and 2.21 at Totuskey.  
 
Population Viability Analysis 
Our fully parameterized model (Mp) under a no-harvest scenario is presented below in 
equation (12). The growth rates, stage durations, and transition values for each of the nine adult 
stages in this matrix are presented in Table 3. 
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Using mean demographic rates presented in Table 1, the matrix predicts an annual 
population growth rate of approximately 3.9% (λ = 1.039), under a no-harvest scenario. Using 
21% and 58% harvest scenarios, under current Virginia regulations, the model predicts 
approximate annual population declines of 1.3% (λ = 0.987) and 4.7% (λ = 0.953), respectively. 
When we reduce the minimum size limit from the current Virginia regulation of 27.94 cm (11 in) 
curved carapace length (CCL) to the previous minimum size limit of 22.87 cm (9 in), the 
estimated population growth rates under the 21% and 58% harvest scenarios result in population 
declines of 5.5% (λ = 0.945) and 14.6% (λ = 0.856), respectively (Figure 2). In total, we ran 33 
model permutations to explore how a range of potential harvest regulations, including slot limits, 
may affect the population growth rates of snapping turtles in Virginia open water systems (Table 
7). Of these 33 scenarios, twelve resulted in positive growth rates and of those, four had an 
estimated growth rate within 1% of the estimate at our no harvest site (λ = 1.039). When we 
remove the no-harvest scenario, 9 out of the eleven (82%) remaining positive growth scenarios 
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were minimum size limit regulations and two were slot-limit regulations (18%). Further, we 
found that our matrix could sustain a harvest level of 13% under current regulations and maintain 
a marginally positive growth rate (λ = 1.002) (Figure 1). Under the high harvest levels observed 
at Totuskey Creek, we estimate that harvest would only be sustainable with minimum-size limits 
of at least 33 cm. 
 
Sensitivity Analysis 
Sensitivity and elasticity analysis indicate that the survival of adult size classes four 
through six (27.95 cm – 35.59cm) are the most critical to population persistence under a no 
harvest scenario (Figure 3). At the 22% harvest rate, analyses indicate that adult size classes one 
through four (20.32 cm – 30.49 cm) are most critical. At the 58% harvest rate, adult size classes 
one and three (20.32 cm – 22.86 cm, 25.40 cm – 27.94 cm) are most critical. The full table of 
elasticity values for each harvest level are given in Appendix Table 3. 
 
DISCUSSION 
In the management of snapping turtles, regulators need to balance immediate harvest 
demands with long-term considerations of population viability. For snapping turtles, it has been 
suggested that even modest levels of prolonged harvest are unsustainable and can result in severe 
population declines (Congdon et al. 1994, Zimmer 2013, Zimmer-Shaffer et al. 2014). While 
past studies have focused on turtle populations in lakes and impoundments, here we focus on 
open water systems to quantify harvest and to assess the effect of current and past regulatory 
approaches. Further, while previous researchers have modeled the effects of commercial harvest 
using simulations, we incorporated empirical harvest data from annual landing reports into our 
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matrix (Zimmer-Shaffer et al. 2014). As such, our study is the first to explicitly address the 
relationship between harvest and population viability in snapping turtle populations, to compare 
numerous size limit regulation strategies, and to identify those stages most critical to population 
persistence to better guide conservation efforts. 
Our population estimates based on mark-recapture data collected from three waterways in 
the Commonwealth of Virginia, USA suggest that prolonged harvest has negatively impacted 
population densities. When compared to our no-harvest site, which we assume is representative 
of pre-harvest conditions, commercial harvest has reduced population densities at our moderate 
harvest site (~21% annual harvest) and our high harvest site (~58% annual harvest) by 47% and 
62%, respectively, although the estimates had overlapping confidence intervals (Table 6). Given 
the average levels of harvest estimated here (Appendix Table 1), it is not surprising to see 
density reductions of this magnitude. Similar levels of reduction were shown when comparing 
pre-harvest and post-harvest population densities of the spiny lobster (Panulirus argus), another 
species that is harvested for human consumption (Davis 1977).  
Prolonged harvest can potentially lead to changes in population structure. Captures from 
the no-harvest site show a more even distribution among adult size classes than do the two sites 
under harvest pressure (Figure 1). Specifically, the two sites with harvest history showed a lower 
proportion of turtles in larger size classes than was shown on the no harvest site. The catch 
history distributions presented here give some support that minimum-size limit regulations can 
lead to a restructuring of populations toward smaller less-fecund individuals in snapping turtles 
as it has been shown in other turtle species (Eisemberg et al. 2011, Sung et al. 2013). In snapping 
turtles, larger turtles produce larger clutches, and by eliminating these individuals overall 
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recruitment in a population is lowered. Further, it has been shown in painted turtles (Chrysemys 
picta) that the age of the mother was a positive predictor of offspring survival (Paitz et al. 2007).   
Results from the population viability analysis indicate that under a no-harvest scenario 
we would expect snapping turtle populations to increase by an estimated 3.9% annually. To 
approximate this level of growth for all waterways that are exposed to harvest, our model 
permutations suggest that the minimum size limit would need to be increased from 27.95 cm (11 
inches) to a minimum of 40.64 cm (16 inches). If the conservation goal is to have sustainable 
harvest (λ > 1), but not necessarily meet the estimated 3.9% growth of our no-harvest site, our 
model suggests that the minimum-size limits should be increased to 35.60 cm (14 inches) as 
populations on both the moderate and high harvest sites would experience marginal growth of 
3% and 2.6% respectively under such a regulation and provide a buffer from harvest induced 
collapse (Table 7).  
Commercial harvest levels fluctuate on a yearly basis, and as such our estimated levels of 
harvest may not be representative of every year. We increased the level of harvest within our 
matrix model from 1% to 100%, by 1% increments, while maintaining mean demographic rates, 
to assess the effects of various harvest levels on population growth rates (Figure 4). Under 
current Virginia minimum-size limit regulations, our model suggests that up to 13% of a 
population could be harvested and achieve minimal sustainability (λ = 1.002). The level of 
sustainable harvest (13%) reported here (applied to turtles > 27.95 cm curved carapace length) is 
higher than what has previously been published. However, the matrices presented in past studies 
on commercial snapping turtle harvest either grouped all adults into a single stage class or did 
not incorporate harvest regulations into their analyses as they were not applicable in their study 
area (Congdon et al. 1994, Zimmer-Shaffer et al. 2014, Shaffer et al. 2017). Given environmental 
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stochasticity, and that two of the sites covered here have experienced prolonged commercial 
harvest pressure, it is unlikely that the marginal growth rate afforded under a 13% harvest 
scenario would be sufficient for either recovery or to ensure the viability of populations under 
future harvest pressure. 
Increasing minimum size limits have had mixed results in commercial and recreational 
fisheries, due in part to post catch mortality of the released fish (Margenau and AveLallemant 
2000, Coggins Jr. et al. 2007, van Poorten et al. 2013). Post capture mortality aside, which is 
likely negligible if turtle traps are equipped with floatation devices and checked regularly, the 
effect of minimum size limit increases in a turtle fishery have never been examined to our 
knowledge. Our model suggests that the increase from 22.87 cm (9 inches) to 27.95 cm (11 
inches) by the Virginia Department of Game and Inland Fisheries in 2012 had a positive effect 
on population growth rates. The moderate harvest site (Walkerton, ~21% annual harvest), had an 
estimated annual population decline of 5.5% under a 22.87 cm size limit as opposed to an 
estimated 1.3% decline under the current 27.95 cm limit. Likewise, the high harvest site 
(Totuskey, ~58% annual harvest) would have experienced a greater predicted population decline 
under the 22.87 cm limit than under the current limit of 27.95 cm with declines of 14.4% and 
4.7%, respectively. However, while the current size limit protects a larger portion of the 
population from harvest than the previous, it still results in predicted population declines for both 
harvestable sites examined in this study. 
Slot limits have been introduced to counter population declines in the management of 
fisheries and have been implemented in Wisconsin in the management of snapping turtles, 
though no post implementation data is available (Eder 1984, Farmer et al. 2014). The goal of 
slot-limits is to establish both a lower and upper size limit, thus, allowing the harvest of 
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individuals below the lower limit and above the upper limit (Anderson 1974). Within our 
framework, matrices that incorporated slot limits showed mixed results. Only two out of eleven 
harvest scenarios predicting positive population growth were slot limit regulations (Table 7). 
Only the most restrictive slot limit analyzed in this study, which would see adult turtles below 
22.87 cm and above 40.64 cm harvested, had a population growth rate (λ = 1.023) approaching 
that of our no harvest site (λ = 1.039). In the management of snapping turtles our results indicate 
that minimum size limits are potentially more effective than slot limits in increasing population 
growth rates.  
The results of our sensitivity analyses indicate that the class most critical to population 
persistence, and therefore most in need of protection, differed among harvest levels (Figure 3 & 
Appendix Table 3). Analysis from our no harvest site, indicated that adult stages four through six 
(27.95 cm to 35.6 cm) were most critical. Had commercial harvest been legal on this site, the 
classes deemed most critical to population growth would be the ones targeted for removal by 
current harvest regulations. For our moderate harvest site adult stages one through four (20.32 
cm – 30.49 cm) were most critical. For our high harvest site, adult stages one and three (20.32 
cm – 22.86 cm, 25.40 cm – 27.94 cm) were determined to be the most critical to persistence. The 
majority (83%) of the critical stages for both the moderate and high harvest site fall below 
current minimum-size limits, and would suggest that these populations are being effectively 
protected; however, these results are from rivers that have been previously harvested and that 
have altered population structures (Figure 1). Thus, adult size classes one through four (20.32 cm 
– 30.49 cm) are most critical to the persistence of snapping turtle populations. Regulation 
strategies should be based on sensitivities of populations under no-harvest conditions to ensure 
maximum population growth and/or recovery. 
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Our results indicate that the commercial harvest of snapping turtles in the Commonwealth 
of Virginia is not sustainable under current state regulations. Further, sensitivity analyses 
indicate that the size classes most in need of protection are the very ones targeted for removal by 
current regulations. Our results suggest that prolonged harvest has disrupted size class 
distributions and can potentially lead to population structures skewed toward smaller less fecund 
individuals. This finding is consistent with studies of other turtle species (Eisemberg et al. 2011, 
Sung et al. 2013). Our study indicates that in the management of snapping turtles, as opposed to 
fish, minimum-size limits are likely more effective than slot-limits. Our results suggest that to 
avoid the potential of harvest induced collapse, at a minimum, commercial harvest should be 
restricted to those individuals exceeding 35.6 cm (14 in) curved carapace length.  
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Table 1. Snapping turtle demographic rates used in the creation of mixed age/stage population matrices. Parameter values shown were taken either 
from the literature, with reference cited, or from the mark-recapture portion of this study where noted. Mean demographic values were used in matrix 
construction when a parameter has more than one referenced value. 
 
Parameter Value Study Location Source 
Nest survival 0.23 Michigan, United States Congdon et al. 1994 
 
0.157 Quebec, Canada Robinson and Bider 1988 
 
0.22 Michigan, United States Congdon et al. 1987 
 
0.056 New York, United States Petokas and Alexander 1980 
 
0.245 South Dakota, United States Hammer 1969 
Hatchling survival 0.17 Michigan, United States Congdon et al. 1994 
 
0.47 Michigan, United States Congdon et al. 1995 
 
Juvenile survival 
0.09 
0.77 
Michigan, United States 
Michigan, United States 
Congdon et al. 1999 
Congdon et al. 1994 
Adult survival 0.97 West Virginia, United States Flaherty et al. 2008 
 
0.966 Ontario, Canada Galbraith and Brooks 1987 
 
0.963 Wisconsin, United States Paisley et al. 2009 
 
0.939 Minnesota, United States Paisley et al. 2010 
 
0.93 Michigan, United States Congdon et al. 1994 
 
0.929 Ontario, Canada Galbraith and Brooks 1987 
 0.91 Virginia, United States Colteaux and Johnson 2017 (current study) 
 
0.88 Michigan, United States Congdon et al. 1994  
Clutch size (20.32-27.94 cm) 23.6 North Carolina, United States Congdon and Gibbons 1985 
Clutch size (27.95-40.64 cm) 55 Virginia, United States  Mitchell and Pague 1991 
 
40 Illinois, United States Steyermark 2008 
Clutch size (>40.65 cm) 83 Quebec, Canada Bleakney 1957 
 
52 Connecticut, United States Finneran 1947 
Breeding frequency 0.85 Michigan, United States Congdon et al. 1994 
Sex ratio 0.5 
 
Ernst and Lovich 2009 
Size at emergence  2.85 cm West Virginia, United States Janzen 1993 
Virginia size at maturity est 20.32 cm (CCL) Virginia, United States  Mitchell 1994 
Adult duration 1.21 years Virginia, United States  Colteaux and Johnson 2017 (Current Study) 
Harvestable adult duration 3.74 years Virginia, United States  Colteaux and Johnson 2017 (Current Study) 
Virginia harvestable adult duration 23.15 years Virginia, United States  Colteaux and Johnson 2017 (Current Study) 
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Mean harvest rate (2012-2015) 0 Morris Creek, Virginia, United States Colteaux and Johnson 2017 (Current Study) 
 
0.16 Walkerton, Virginia, United States Colteaux and Johnson 2017 (Current Study) 
 
0.44 Totuskey Creek, Virginia, United States Colteaux and Johnson 2017 (Current Study) 
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Table 2. Snapping turtle growth rates used in the creation of the population matrix. Growth rates 
shown were determined following recapture of turtles previously caught and marked. All growth 
rates were adjusted by a nominal 0.1 cm to allow for the inclusion of turtles who were recaptured 
but which showed zero growth between captures.  
 
 
Turtle Number Initial Size Growth Rate Sex 
1 40.64 0 Female 
2 40.64 0 Male 
3 31.11 0.65 Male 
4 33.65 0.66 Male 
5 39.37 0 Male 
6 25.40 1.60 Female 
7 22.86 1.79 Male 
8 35.56 0 Male 
9 40.00 0.81 Male 
10 40.64 0 Male 
11 32.38 0.38 Female 
12 30.48 0 Female 
13 36.83 0.81 Male 
14 36.83 1.43 Male 
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Table 3. Stage specific demographic values used in the creation of the population matrix. Each 
adult stage (A1- A9) is given along with the corresponding size range of each stage. Duration 
represents the average amount of time, in years, that a snapping turtle spends in a given stage. Pi 
indicates the probability of a turtle remaining in a given stage from one year to the next, and Gi 
indicates the probability of a turtle to move to the next available stage in the following year. The 
A9 stage has no values for duration, Pi, or Gi as once a turtle enters this stage it either survives or 
dies as there is no larger class to graduate to. 
 
Stage  Growth Rate (cm/yr) Duration Pi Gi 
A1 (20.32 cm – 22.86 cm) 2.09 1.22 0.174 0.76 
A2 (22.87 cm – 25.39 cm) 1.56 1.63 0.373 0.561 
A3 (25.40 cm – 27.94 cm) 1.16 2.2 0.527 0.408 
A4 (27.95 cm – 30.49 cm) 0.75 2.94 0.64 0.295 
A5 (30.50 cm – 32.99 cm) 0.64 3.95 0.717 0.218 
A6 (33.00 cm – 35.59 cm) 0.48 5.32 0.788 0.147 
A7 (35.60 cm – 38.09 cm) 0.48 7.14 0.828 0.107 
A8 (38.10 cm – 40.63 cm) 0.48 9.6 0.863 0.072 
A9 (> 40.64 cm) 0.48 n/a n/a n/a 
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Table 4. Model output from Program MARK utilizing the robust design (Huggins c & p). 
Models are listed in descending order by model fit based on the parameters shown given the 
mark-recapture data. Only those models with an AIC weight (AICw) greater than 10% are shown. 
AIC weight is calculated relative to all models under consideration. The notation key is as 
follows: survival (s), immigration (γ’), emigration (γ”), capture probability (p), and recapture 
probability (c). The symbol (t) indicates time dependence in a parameter and constant over time 
is indicated by (.). Site is denoted by subscripts, M for Morris Creek, W for Walkerton, and T for 
Totuskey Creek. For all the models listed, survival was estimated separately for sites in years 
with recorded harvest and years without recorded harvest. The numbers following a notation of 
time dependence for a site indicates the years included in that dependence, with multiple years 
contained within the same parentheses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Model AIC AICW Likelihood Parameters Deviance 
s(tM2012-2015, tW2012 & 2015), s(tW2013-2014, tT2012-2015), γ’= γ”(.), 
p & c(.) 
1024.98 0.475 1.0 4 476.65 
s(tM2012-2015, tW2012 & 2015), s(tW2013-2014, tT2012-2015), γ’(.), 
γ”(.), p & c(.) 
1026.42 0.23 0.49 5 475.98 
s(tM2012-2015, tW2012 & 2015), s(tW2013-2014, tT2012-2015), γ’(.), 
γ”(.), p (.), c(.) 
1026.78 0.193 0.41 6 474.22 
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Table 5. Parameter estimates for the top model selected (see Table 4) within Program Mark. 
Lower and upper represent the bounds of the 95% confidence interval for each parameter. Site is 
denoted by subscripts, M for Morris Creek, W for Walkerton, and T for Totuskey Creek. Survival 
was split between years with and without recorded harvest. The numbers following a notation of 
time dependence (t) in relation to site indicates the years included in that dependence. The 
notation key is as follows: survival (s), immigration (γ’), emigration (γ”), capture probability (p), 
and recapture probability (c). 
 
 
Parameter Estimate Std. Error 95% Lower 95% Upper 
s(tM2012-2015)(tW2012 & 2015) 0.91 0.14 0.26 0.99 
s(tW2013-2014, tT2012-2015) 0.74 0.15 0.37 0.93 
γ’ = γ’’ 0.44 0.33 0.05 0.91 
p & c  0.009 0.004 0.004 0.02 
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Table 6. Mean population estimates, by site, for three snapping turtle populations within 
Virginia. Each site experienced a different level of historic commercial harvest (in parentheses) 
based on annual harvester landing reports on file with the Virginia Department of Game and 
Inland Fisheries. Individual population estimates by sampling period are presented in Appendix 
Table 2 and were created within Program Mark using mark-recapture data from this study. Mean 
population estimates (μ) were divided by the estimate of temporary emigration from the top 
model selected by Program MARK (Methods, equation 1) to calculate the adjusted mean 
population estimates (μadj) for each site. The estimated size of each study site (Est. Size) was 
used to establish per hectare density estimates (Density). 
 
Site Population Est. (μ) Population Est. (μadj) Std. Dev. Est. Size Density 
Morris Creek (0%) 156.73 279.9 182.74 48.53 ha 5.77 turtles/ha 
Walkerton (21%) 118.22 211.11 216.44 69.71 ha 3.03 turtles/ha 
Totuskey Creek (58%) 90.87 162.28 140.13 73.43 ha 2.21 turtles/ha 
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Table 7. Resulting population growth rates (λ) for the 33 harvest regulation scenarios run in this study. The symbol • indicates harvest 
level and which adult size classes (A1 – A9) are open to commercial harvest under a given scenario. Also provided is whether the 
regulation is minimum size or slot limits. Adult sizes are given in curved carapace length (cm). * indicates current Virginia 
commercial harvest minimum size regulation (since 2012), and ** indicates the previous minimum size regulation for Virginia. 
 
Harvest Level Adult Size Class  λ Category 
0% 21% 58% 
20.32-
22.86  
 22.87-
25.39  
  25.40 - 
27.94 
  27.95 - 
30.49  
  30.50 - 
32.99  
  33.00 - 
35.59 
  35.60 - 
38.09 
  38.10 - 
40.63  
40.64   
•            1.039 No harvest 
 •  • • • • • • • • • 0.927   Minimum size limit 
  • • • • • • • • • • 0.801 Minimum size limit 
 •   • • • • • • • • 0.945 Minimum size limit** 
  •  • • • • • • • • 0.856 Minimum size limit** 
 •    • • • • • • • 0.965 Minimum size limit 
  •   • • • • • • • 0.904 Minimum size limit 
 •     • • • • • • 0.987 Minimum size limit* 
  •    • • • • • • 0.953 Minimum size limit* 
 •      • • • • • 1.006 Minimum size limit 
  •     • • • • • 0.99 Minimum size limit 
 •       • • • • 1.02 Minimum size limit 
  •      • • • • 1.01 Minimum size limit 
 •        • • • 1.03 Minimum size limit 
  •       • • • 1.026 Minimum size limit 
 •         • • 1.034 Minimum size limit 
  •        • • 1.033 Minimum size limit 
 •          • 1.038 Minimum size limit 
  •         • 1.037 Minimum size limit 
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 •  •        • 1.023 Slot Limit 
  • •        • 0.987 Slot Limit 
 •  • •       • 1.006 Slot Limit 
  • • •       • 0.94 Slot Limit 
 •  • • •      • 0.987 Slot Limit 
  • • • •      • 0.9 Slot Limit 
 •  • • • •     • 0.967 Slot Limit 
  • • • • •     • 0.871 Slot Limit 
 •  • • • • •    •    0.949 Slot Limit 
  • • • • • •    • 0.863 Slot Limit 
 •  • • • • • •   • 0.934 Slot Limit 
  • • • • • • •   • 0.863 Slot Limit 
 •  • • • • • • •  • 0.953 Slot Limit 
  • • • • • • • •  • 0.863 Slot Limit 
 
 
 
Harvest Level Adult Size Class  λ Category 
0% 21% 58% 
20.32-
22.86  
 22.87-
25.39  
  25.40 - 
27.94 
  27.95 - 
30.49  
  30.50 - 
32.99  
  33.00 - 
35.59 
  35.60 - 
38.09 
  38.10 - 
40.63  
40.64   
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Figure 1.  Distribution of unique turtles captured by size class for each site. Total unique 
captures at each site are: Morris Creek (76), Walkerton (55), Totuskey Creek (44). Specific 
measurements for each adult size class (A1 through A9) are listed in Table 3. Turtles falling below 
the first adult size class (A1) are grouped together in the less than A1 category (<20.32 cm curved 
carapace length).
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Figure 2.  Results from population viability analyses at three commercial harvest levels (0%, 
21%, 58%). The black vertical line represents the current Virginia minimum size limit regulation 
of 27.95 cm curved carapace length. 
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Figure 3. Stable-state elasticity values under mean demographic rates for each of the nine adult 
stages (A1 – A9) outlined in our matrix. Graphs are presented for each of the three harvest levels 
(0%, 21%, 58%) used in this study under current Virginia minimum-size harvest regulations. 
Bars represent the proportion of the population of a given stage that either transitions to the next 
stage (gray bar) or remains in stage (black bar). The largest adult stage (A9) has no transition 
value as turtles either remain in stage or perish.
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Figure 4. The effect of increasing levels of harvest on population growth rate. We increased the 
harvest level within the matrix from 1% to 100%, in increments of 1%, to identify the point 
where the resultant population growth rate switched from being in decline to stable. We present a 
portion of the range to better visually isolate this point. Results presented are under the current 
Virginia minimum-size limit of 27.94 cm curved carapace length. Dashed line indicates the level 
of harvest where population stability is reached (λ = 1). 
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APPENDIX 
TABLES 
CHAPTER 3 
 
Appendix Table 1. Estimated annual harvest rates for the two sites under historic commercial 
harvest. Population size was estimated using Program MARK as outlined in the methods section 
while data on number of turtles harvested were taken directly from state landing reports on file 
with the Virginia Department of Game and Inland Fisheries. Adjusted mean population estimates 
are the mean population estimates divided by the estimate of temporary emigration from the top 
model selected by Program MARK (Methods, equation 1). Annual harvest percentages were 
rounded to the nearest whole number. 
 
Walkerton  
Year Turtles Harvested Population Estimate 
2012 0 83.55 
2013 118 249.24 
2014 61 119.09 
2015 0 21 
 
Mean Harvested 44.75 
Mean Population Estimate 118.22 
Adjusted Mean Population Estimate 211.1 
Estimated Annual Harvest  21% 
 
     
Totuskey Creek  
Year Turtles Harvested Population Estimate 
2012 125 76.8 
2013 60 153.6 
2014 93 98.05 
2015 100 35.02 
 
Mean Harvested 94.5 
Mean Population Estimate 90.86 
Adjusted Mean Population Estimate 162.28 
Estimated Annual Harvest  58% 
 
 
 
 
 
 
 
 
 
 
109 
 
 
Appendix Table 2. Population estimates for each site and sampling period. There were two 
sampling periods at each site annually, one early in the year and one later in the year. Population 
estimates, standard errors (Std. Error), and confidence intervals were generated from the top 
model from program MARK (Table 5). Population estimates are equal to zero when no captures 
or recaptures occurred over a given sampling period. The same population estimate for two 
different sampling periods occurs when those periods have a duplicate number of captures. The 
raw estimates are provided here; for the adjusted mean population estimates see Appendix Table 
1. The number of captures and re-captures for each sampling period are given in the last two 
columns respectively. 
 
Site Sampling 
Period 
Population 
Estimate 
Std. 
Error 
95% 
Lower 
95% 
Upper 
Captures Re-Captures 
Morris 1 (2012) 135.9 80.51 48.13 402.32 5 0 
Morris 2 (2012) 252.2 114.94 112.2 600.17 19 2 
Morris 3 (2013) 207.21 99.32 88.5 512.55 11 2 
Morris 4 (2013) 56.04 34.92 19.75 175.9 3 1 
Morris 5 (2014) 364.28 159.57 166.52 840.35 23 3 
Morris 6 (2014) 70.05 40.96 25.96 206.92 5 0 
Morris 7 (2015) 98.07 52.7 38.76 268.16 5 2 
Morris 8 (2015) 70.05 40.96 25.96 206.92 5 0 
Walkerton 1 (2012) 55.02 44.16 14.78 221.95 2 0 
Walkerton 2 (2012) 112.09 58.48 45.28 298.58 8 0 
Walkerton 3 (2013) 414.42 182.4 187.93 957.72 23 5 
Walkerton 4 (2013) 84.06 46.87 32.31 237.62 3 3 
Walkerton 5 (2014) 168.13 81.25 71.8 419.57 12 1 
Walkerton 6 (2014) 70.05 40.96 25.96 206.92 5 0 
Walkerton 7 (2015) 42.03 28.68 13.77 144.5 2 1 
Walkerton 8 (2015) 0 - - - 0 0 
Totuskey 1 (2012) 27.5 29.19 5.62 153.05 1 0 
Totuskey 2 (2012) 126.1 64.21 51.86 328.9 9 0 
Totuskey 3 (2013) 223.15 105.76 96.09 546.88 13 2 
Totuskey 4 (2013) 84.06 46.87 32.31 237.62 4 2 
Totuskey 5 (2014) 196.15 92.52 85.22 479.85 13 0 
Totuskey 6 (2014) 0 - - - 0 0 
Totuskey 7 (2015) 56.04 34.92 19.75 175.94 3 2 
Totuskey 8 (2015) 14.01 14.59 3.22 77.3 1 0 
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Appendix Table 3. Elasticity analyses, by harvest level, under mean demographic rates using 
current Virginia commercial harvest regulations. Key: Y (Nest/Hatchling), J1-6 (Juvenile age 
classes), A1-9 (Adult size classes). 
 
 
 
Harvest Level = 0% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Y J1 J2 J3 J4 J5 J6 A1 A2 A3 A4 A5 A6 A7 A8 A9 
0 0 0 0 0 0 0 0.004 0.004 0.005 0.01 0.009 0.008 0.005 0.003 0.003 
0.052 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0.052 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0.052 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0.052 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0.052 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0.052 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0.052 0.01 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0.048 0.027 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0.044 0.045 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0.039 0.062 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0.029 0.064 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0.02 0.062 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0.012 0.047 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0.006 0.032 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.003 0.029 
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Harvest Level = 21% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Y J1 J2 J3 J4 J5 J6 A1 A2 A3 A4 A5 A6 A7 A8 A9 
0 0 0 0 0 0 0 0.008 0.01 0.013 0.024 0.012 0.005 0.001 1.3e-04 1.1e-05 
0.074 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0.074 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0.074 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0.074 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0.074 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0.074 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0.074 0.016 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0.066 0.04 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0.055 0.063 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0.042 0.055 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0.018 0.03 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0.006 0.012 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0.001 0.003 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0.0001 3.9e-04 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.1e-05 3.4e-05 
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Harvest Level = 58% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Y J1 J2 J3 J4 J5 J6 A1 A2 A3 A4 A5 A6 A7 A8 A9 
0 0 0 0 0 0 0 0.013 0.017 0.022 0.03 2.2e-03 6.36e-05 4.2e-07 6.3e-10 1.2e-13 
0.085 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0.085 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0.085 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0.085 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0.085 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0.085 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0.085 0.019 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0.072 0.047 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0.055 0.068 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0.033 0.02 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0.002 1.4e-03 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 6.4e-05 4.4e-05 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 4.2e-07 2.9e-07 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 6.3e-10 4.4e-10 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.2e-13 8.6e-14 
113 
 
 
FIGURES 
CHAPTER 2 
 
Appendix Fig. 1. Comparison of home range estimators for turtle #174022 (Male, 17.27 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 1.6 ha (50%), 
and 4.85 ha (95%). KDE area estimates, by contour, are 5.25 ha (50%) and 27.28 ha (95%). 
Coordinates shown are in latitude and longitude. 
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Appendix Fig. 2. Comparison of home range estimators for turtle #174023 (Male, 10 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 0.45 ha (50%), 
and 0.9 ha (95%). KDE area estimates, by contour, are 1.26 ha (50%) and 5.66 ha (95%). 
Coordinates shown are in latitude and longitude. 
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Appendix Fig. 3. Comparison of home range estimators for turtle #174024 (Male, 13.36 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel Density 
Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 4.23 ha (50%), and 10.28 
ha (95%). KDE area estimates, by contour, are 10.45 ha (50%) and 43.52 ha (95%). Coordinates 
shown are in latitude and longitude. 
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Appendix Fig. 4. Comparison of home range estimators for turtle #174025 (Male, 9.82 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 1.89 ha (50%), 
and 7.38 ha (95%). KDE area estimates, by contour, are 6.83 ha (50%) and 32.83 ha (95%). 
Coordinates shown are in latitude and longitude. 
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Appendix Fig. 5. Comparison of home range estimators for turtle #174026 (Male, 13.05 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 0.3 ha (50%), 
and 0.97 ha (95%). KDE area estimates, by contour, are 0.85 ha (50%) and 3.38 ha (95%). 
Coordinates shown are in latitude and longitude. 
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Appendix Fig. 6. Comparison of home range estimators for turtle #174027 (Male, 6.32 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 0.3 ha (50%), 
and 2 ha (95%). KDE area estimates, by contour, are 1.12 ha (50%) and 6.29 ha (95%). 
Coordinates shown are in latitude and longitude. 
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Appendix Fig. 7. Comparison of home range estimators for turtle #174028 (Male, 11.68 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 2.54 ha (50%), 
and 5.87 ha (95%). KDE area estimates, by contour, are 4.29 ha (50%) and 15.66 ha (95%). 
Coordinates shown are in latitude and longitude. 
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Appendix Fig. 8. Comparison of home range estimators for turtle #174029 (Male, 7.64 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 0.61 ha (50%), 
and 2.23 ha (95%). KDE area estimates, by contour, are 1.56 ha (50%) and 5.54 ha (95%). 
Coordinates shown are in latitude and longitude. 
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Appendix Fig. 9. Comparison of home range estimators for turtle #174031 (Female, 7.55 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 0.05 ha (50%), 
and 0.24 ha (95%). KDE area estimates, by contour, are 0.13 ha (50%) and 0.58 ha (95%). 
Coordinates shown are in latitude and longitude. 
122 
 
 
 
Appendix Fig. 10. Comparison of home range estimators for turtle #174032 (Female, 3.64 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 0.22 ha (50%), 
and 0.54 ha (95%). KDE area estimates, by contour, are 0.4 ha (50%) and 1.4 ha (95%). 
Coordinates shown are in latitude and longitude. 
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Appendix Fig. 11. Comparison of home range estimators for turtle #174033 (Male, 4.64 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 0.2 ha (50%), 
and 1.33 ha (95%). KDE area estimates, by contour, are 0.75 ha (50%) and 3.28 ha (95%). 
Coordinates shown are in latitude and longitude. 
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Appendix Fig. 12. Comparison of home range estimators for turtle #174034 (Male, 7.18 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 0.15 ha (50%), 
and 0.86 ha (95%). KDE area estimates, by contour, are 0.58 ha (50%) and 2.39 ha (95%). 
Coordinates shown are in latitude and longitude. 
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Appendix Fig. 13. Comparison of home range estimators for turtle #174035 (Female, 5.91 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 0.45 ha (50%), 
and 1.25 ha (95%). KDE area estimates, by contour, are 1.25 ha (50%) and 5.21 ha (95%). 
Coordinates shown are in latitude and longitude. 
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Appendix Fig. 14. Comparison of home range estimators for turtle #174036 (Male, 7.64 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 0.08 ha (50%), 
and 0.43 ha (95%). KDE area estimates, by contour, are 0.25 ha (50%) and 1.03 ha (95%). 
Coordinates shown are in latitude and longitude. 
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Appendix Fig. 15. Comparison of home range estimators for turtle #174037 (Male, 9.18 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 0.55 ha (50%), 
and 1.33 ha (95%). KDE area estimates, by contour, are 1.14 ha (50%) and 4.3 ha (95%). 
Coordinates shown are in latitude and longitude. 
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Appendix Fig. 16. Comparison of home range estimators for turtle #174038 (Male, 15.18 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 0.46 ha (50%), 
and 1.25 ha (95%). KDE area estimates, by contour, are 1.12 ha (50%) and 4.17 ha (95%). 
Coordinates shown are in latitude and longitude. 
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Appendix Fig. 17. Comparison of home range estimators for turtle #174039 (Female, 2.59 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 0.56 ha (50%), 
and 2.59 ha (95%). KDE area estimates, by contour, are 1.42 ha (50%) and 0.97 ha (95%). 
Coordinates shown are in latitude and longitude. 
130 
 
 
 
Appendix Fig. 18. Comparison of home range estimators for turtle #174040 (Female, 7.86 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 3.32 ha (50%), 
and 9.53 ha (95%). KDE area estimates, by contour, are 9.38 ha (50%) and 32.97 ha (95%). 
Coordinates shown are in latitude and longitude. 
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Appendix Fig. 19. Comparison of home range estimators for turtle #174041 (Female, 5.91 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 1.16 ha (50%), 
and 5.31 ha (95%). KDE area estimates, by contour, are 3.91 ha (50%) and 15.57 ha (95%). 
Coordinates shown are in latitude and longitude. 
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Appendix Fig. 20. Comparison of home range estimators for turtle #174042 (Female, 5.36 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 1.87 ha (50%), 
and 5.42 ha (95%). KDE area estimates, by contour, are 6.25 ha (50%) and 22.18 ha (95%). 
Coordinates shown are in latitude and longitude. 
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Appendix Fig. 21. Comparison of home range estimators for turtle #174043 (Female, 3.77 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 0.08 ha (50%), 
and 0.43 ha (95%). KDE area estimates, by contour, are 0.3 ha (50%) and 1.42 ha (95%). 
Coordinates shown are in latitude and longitude. 
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Appendix Fig. 22. Comparison of home range estimators for turtle #174044 (Female, 5.41 kg). 
Contour levels at 50 and 95% for Minimum Convex Polygon (MCP, panel A) and Kernel 
Density Estimate (KDE, panel B) are shown. MCP area estimates, by contour, are 0.31 ha (50%), 
and 1.03 ha (95%). KDE area estimates, by contour, are 0.85 ha (50%) and 2.94 ha (95%). 
Coordinates shown are in latitude and longitude. 
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